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1. INTRODUCTION

This is the final report on a two year project entitled "Surface
Production of Ions". The work is a continuation of the identically
named three year project AFOSR-86-0299 the major contributions of which
had been in the area of surface production of negative hydrogen ions
and positive cesium ions.

We have discovered that negative hydrogen ions can be produced with
high efficiency (> 10%) by backscattering low energy (> 1eV) hydrogen
atoms or ions from low work function (1 to 2eV) solid surfaces. The
significance of this mechanism for the design of high brightness
negative hydrogen sources lies in the fact that low incident energy
eliminates sputtering of the converter surface. This makes it possible
to use new converter materials. Alkali oxides and alkali earth oxides
are particularly attractive because of their low work function and much
lower vapor pressure than the vapor pressure of the corresponding
metals.

In the area of cesium ion production, our contribution was in the
development of cesium ion guns providing ions in the energy range from
20 eV to 5 keV. These guns are based on a novel solid source of cesium
ions which was developed previously with the support of the State of
New Jersey.

Under the present grant we have continued the search for an "ideal"
converter surface which provides efficient surface production of
negative hydrogen ions at low energy and is chemically stable in a flux
of impinging hydrogen atoms. We have evaluated the performance of
several converter surfaces by measuring the yield of negative hydrogen
ions produced by backscattering hydrogen atoms from the converter
surface. The primary incident hydrogen flux was produced by the
following three techniques:
a) Thermal dissociation of hydrogen gas in a tungsten oven (T=0.2 eV),
b) Electron impact dissociation of hydrogen gas in a discharge (T=5eV)
c) Deceleration of a proton beam to low energies (5 to 50eV).

The major contribution of this work has been the demonstration of the
feasibility of a new surface source of negative hydrogen ions based on
the following concept: superthermal hydrogen atoms, produced in a
microwave discharge, are guided on the surface of an external
converter, coated with cesium oxide, where they are converted into H-
ions and extracted as a high-brightness beam. It is unfortunate that
there is no funding to build such a source.

We have also made progress in the development of cesium ion guns and in
application of cesium ion beams. In the course of this work we have
published or submitted for publication nine papers listed in Section 7 C1
and attached to this report.
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2. STUDIES OF CONVERTER SURFACES

We have studied converter surfaces consisting of thick films of cesium
oxides and barium oxides 11,21. The main diagnostic technique consisted
of measuring the yield of negative hydrogen ions produced in
backscattering a thermal distribution of hydrogen atoms from the
converter surface. The surface electronic structure was studied with
photoemission spectroscopy and work fun>.tion measurements. Information
on the chemical composition was obtained by Auger electron
spectroscopy, photoelectron spectroscopy and by thermal desorption
spectroscopy.

The main result of this work was the development of a cesium oxide
converter vith properties approaching the requirements of an "41eal"
converter surface. The main features of the converter are as follows:

a) The converter is produced by in-situ decomposition of cesium
carbonate in vacuum or in hydrogen atmosphere and collecting the
products of decomposition on a molybdenum substrate.

b) The converter is a mixture of cesium oxide, Cs20, and cesium
peroxide, Cs 02 deposited in a film typically 1 micron thick on the
Mo substrate.2

c) The work function of the converter surface reaches a minimum value
of 1.1 eV to 1.4 eV at a temperature of 450 K.

d) The converter has the best H yield of any converter surface so far
investigated (including cesiated Mo). Scattering of hydrogen atoms with
maxwellian distribution of 2670 K (0.23 eV) temperature gives an H-
yield of 1.6 %. This fraction corresponnds to all atoms with incident
energy greater than 1.45 eV.

e) The converter is remarkably stable and reproducible. The extracted
H current remained steady for at least 190 hours of cumulative exposure
to atomic hydrogen at a flux of 10 hydrogen atoms/cm sec in the
course of 3 days of testing. The converter did not show any
deterioration at the end of the three day test run. This stability is
presumably due to the stability and low vapor pressure of cesium oxides
below 750 K.

3. DISCHARGE SOURCE OF SUPERTHERKAL HYDROGEN ATOMS

In a practically interesting H ion source, the cesium oxidf9converter
would hive to be exposed typically to a hydrogen flux of 10 hydrogen
atoms/cm sec of a temperature larger than 1 eV. Reflection of this
atomic flux from the converter surface would produce H ions of 1 eV
temperature at current density of 0.1 to 1 ampere per cm . H- ions
could be extracted from this "external" converter ill with a high
voltage,210 to 100 kV, so that the brightness of the source could reach
10 A/cm str.
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In order to demonstrate the feasibility of surh an H_ sourre, wo have
to produce a flux of super thermal hydrogen atoms of sufficient
intensity and test the stability of the cesium oxide converter in this
flux. Fortunately, dissociation of hydrogen molecules by electron
impact produces hydrogen atoms with a minimum energy of 2.3 eV
(Franck-Condon process). Consequently one can obtain a flux of fast
hydrogen atoms from a hot-electron hydrogen discharge if recombination
and cooling by wall collisions is kept small.

We have built a microwave ECR discharge driven by up to 0.5 kW of
microwave power at 2.45 GHz [7]. To minimize wall recombination, the
discharge is operated in a quartz tube provided with an orifice for
effusion of the hydrogen atoms. The converter is located outside the
discharge ("external converter" [11 ), five centimeters from the
orifice. Different converter surfaces have been investigated: pure
molybdenum, cesiated molybdenum, and cesium oxide. The flux and energy
of the hydrogen atoms was measured by negative suface ionization of the
atoms backspattered from the converter. Maximum H- ion current density
of 0.5 mA/cm was measured at the cesium oxide coated converter for 420
watts of m*crowave power. This translates into an H- current density of
200 mA/cm for a converter located on the surface of the quartz tube2
The corresponding fast hydrogen atom flux density is about 1 A/cm
equivalent. This has been achieved in CW operation in a small plasma (
2.5 cm in diameter and 10 cm long) without axial confinement! The
measured temperature of the H- ions was in the range of 4 to 5 eV. This
work has opened up new concepts for the design of H ion sources.

4. MEASUREMENTS OF NEGATIVE HYDROGEN ION YIELD

We have completed yield measurements on backscattering of a thermal
distribution of hydrogen atoms. The most important contribution of this
technique was the development of the cesium oxide converter described
in Section 2 and in papers [1,21. This technique was also used in
studies of the barium oxide and cesiated molybdenum converters [1,2].

We have started experiments on backscattering protons and molecular
hydrogen ions in the energy range from 2 eV to 50 eV from various
converter surfaces [8]. This work is of fundamental importance because
yield measurements have never been done in this energy range. These
data are also important for the new generation of surface conversion
sources.

A new ultra high vacuum chamber was constructed with the partial help
of the DURIP Grant AFOSR-89-0195. The chamber is equipped with a home
built hydrogen ion beam line, a home built cesium ion gun and an EXTREL
quadrupole mass spectrometer purchased with the DURIP funds. The
hydrogen ion beam line provides a practically monoenergetic beam of
either protons or H + or H3+ ions in the energy range of 2 to 50 eV
[8). This beam is iocused onto a converter surface. The scattered
negative ions are analyzed with the quadrupole mass spectrometer. The
yield of negative ions was measured as function of incident energy for
different converter surfaces. An H- yield of 0.15 was measured for 10
eV protons backscattered from a cesiated silicon substrate (to be
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published). Meastirements with othert stihqtrates are in progre-s.

5. THEORY OF RESONANT CHARGE TRANSFER IN SCATTERING OF HYDROGEN ATOMS
FROM A METAL SURFACE

Resonant charge transfer occuring at the reflection of a hydrogen atom
from a metal surface has been investigated theoretically with the
objective of better understanding production of negative hydrogen ions
at low (1 to 10 eV) energies. The approach departs from previous
treatments in a few important aspects. No wide band approximation is
made; realistic band structures and surface states can be included. No
appriori assumption of the separability of the coupling matrix element
into a time independent and time dependent part is made. Finally, the
coupling matrix elements are explicitely related to the relevant
potential of the coupled atom-metal system [6].

6. CESIUM ION BEAMS

We have developed several cesium ion guns [3,91 that had been
extensively used in our experimental work with low work function
surfaces. The guns are based on a solid state cesium ion source
dveloped previously 14).

In the course of the work with cesium oxide surfaces we have found that
cesium ion bombardment of a silicon surface in the presence of oxygen
gas very significantly enhances the oxidation rate of silicon at room
temperature [5]. The enhancement is about ten times larger with cesium
than with xenon bombardment due to a catalytic effect of cesium. A
couple of follow-up experiments with different gases have indicated
that cesium ion beam enhanced chemical vapor deposition could be
developed into a new technique for maskless direct write litography. We
are looking for a sponsor of this research. The surface analytical
chamber in which this work was done is being upgraded with the
installation of LEED ( Low Energy Electron Diffractometer) and STM (
Scanning Tunneling Microscope ). Both instruments were acquired with
the DURIP Grant funding.

7. LIST OF PAPERS PUBLISHED OR SUBMITTED IN THE REPORTING PERIOD

1. M. Seidl, S.T. Melnychuk, S.W. Lee, and W.E. Carr, Surface production
of negative hydrogen ions by reflection of hydrogen atoms from cesium oxide
surfaces, Production and neutralization of negative ions and beams,
American Institute of Physics Conference Proceedings No. 210, p.30 (edited
by Ady Hershcovitch, BNL), New York, NY, 1990.

2. S.T. Melnychuk and M. Seidl, Reflection of hydrogen atoms from alkali
and alkaline earth oxide surfaces, J. of Vacuum Sci. Technol. A9, 1650
(1991).
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3. A.E. Souzis, W.E. Carr, S.I. Kim, and M. Seidl, Solid statp resiim ion
guns for suface studies, Rev. Sci. Instrum. 61, 788 (1990).

4. S.I. Kim and M. Seidl, A new solid state cesium ion source, J. Appl.
Phys. 67, 2704 (1990).

5. A.E. Souzis, H. Huang, W.E. Carr, and M. Seidl, Catalytic oxidation of

silicon by cesium ion bombardment, J. Vacuum Sci. Technol. J. Appl. Phys.
69, 452 (1991).

6. H.L. Cui, Resonant charge transfer in the scattering of hydrogen atoms
from a metal surface, J. Vac. Sci. Technol. A9, 1823 (1991).

7. B.S. Lee and M. Seidl, Surface production of H- ions by hyperthermal
hydrogen atoms, J. Appl. Phys. Lett. (submitted in May 1992).

8. J.D. Isenberg, H.J. Kwon, and M. Seidl, Source of low-energy hydrogen
ions for measuring electron transfer in surface scattering experiments,
Rev. Sci. Instrum. (submitted in April 1992).

9. S.I. Kim, Y.0. Ahn, and M. Seidl, Solid state cesium ion gun for ion
beain sputter deposition, Rev. Sci. Instrum. (sumitted in May 1992).
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SPresented at the 5th International Symposium on the Production and
Neutralization of Negative Ions and Beams, Brookhaven National
Laboratory, Upton, NY. October 29, 1989.

SURFACE PRODUCTION OF NEGATIVE HYDROGEN IONS BY
REFLECTION OF HYDROGEN ATOMS FROM CESIUM OXIDE SURFACES

M. Seidl, S.T. Melnychuk, S.W. Lee, and W.E. Carr
Department of Physics and Engineering Ph ics

Stevens Institute of Technology, Hoboken, N 07030

ABSTRACT

Negative hydrogen ions are produced by backscattering a thermal
distribution of hydrogen atoms from a converter surface coated with a mixture of
cesium oxides. The thick film of cesium oxide is produced by thermal
decomposition of cesium carbonate and subsequent thermal activation aided by
atomic hydrogen. About 60% of atoms with energies greater than 1.5 eV are
reflected as negative hydrogen ions for a temperature of 0.22 eV in the thermal
distribution. The H- ions have a Maxwellian parallel energy distribution with a
temperature equal to the atomic temperature. Replacing the thermal source of
hydrogen atoms with a discharge source results in H- ions of 1 eV temperature
and 100 times lower intensity.

INTRODUCTION

At the last Brookhaven meeting we reported on experiments involving
surface production of negative hydrogen ions by simultaneous bombardment of
metal targets with cesium and hydrogen ions [1]. In pursuing this work , we
noticed that a fraction of the negative hydrogen ion population ad a low energy
spread of about 0.2 eV. Further experiments have shown that the slow H' ions
were due to backscattering of hydrogen atoms produced by thermal dissociation
of hydrogen gas on hot tungsten filaments. In the past three years we have
studied production of H- ions by backscattering the Maxwellian tail of thermally
produced hydrogen atoms from several low work function converter surfaces [2-
4]. The following conclusions have come out from this work:

a) H' ions can be produced with high efficiency (> 10%) by backscattering
low energy (> 1eV) hydrogen atoms from low work function (< 1.5 eV) surfaces.
This has been demonstrated experimentally by scattering hydrogen atoms.
However, theory indicates that the same result holds for proton scattering.

b) Low incident energy of hydrogen atoms guarantees low energy spread
of the backscattered negative hydrogen ions.

c) An additional bonus of low incident energy is the elimination of
physical damage to the converter surface. This has opened up new avenues for
the optimization of the converter surface.

Possible applications of low energy surface production in H' ion sources
are schematically shown in Fig.(1). In principle , the converter surface can be
placed in two different positions with respect to the hydrogen plasma. The
internal converter", shown in Fig.( a), is in direct contact with the plasma, the

voltage across the plasma sheath being close to the floating potentil (a few
volts). The converter surface is exposed to a flux of IW, H2' and H3  ions in
addition to hydrogen atoms and excited molecules. All these species contribute to
surface production of H- ions which enter the plasma with low kinetic energy and
must be extracted from the plasma.

The "external converter*, shown in Fig. (1b), is separated from the plasma
(e.g. by means of a magnetic field). Only hydrogen atoms and excited molecules

(1)



contribute to surface production of H- ions which are extracted in a plasma- free
region with a high extraction voltage.

Apparently, surface production of H- ions by means of an internal
converter has been recently observed in volume sources in which the work
function of the converter was reduced by adding cesium [5,6] or barium [7] to the
discharge. Low electron temperature in the extraction region of the volume
source made the extraction of the H- ions possible.

An H" ion source using an
.. external converter has yet to be built.

'- H -:i.: ! j Pl .It critically depends on the
H -I H : -ieath availability of a source of hydrogen-* H -Converter atoms with a kinetic energy in the 1

to 2 eV range. According to our
estimates [4], these atoms will be
backscattered as H- ions with a
probability better than 50%

Plasma assuming a converter work function
between 1.2 and 1.5 eV. Dissociative

b) A electron collisions with hydrogenmolecules produce hydrogen atoms
H with a minimum energy of 2.2 eV.

More studies are needed to
1 , Converter determine the fraction of atoms

reaching the converter without
substantial energy loss. Temperature
measurements of hydrogen atoms inFig. 1 (a)Internal Converter discharges show that a large fraction

(b)External Converter of the atoms have an energy higher

than 1 eV [8].
Most important for low energy surface production of H- ions is the

converter surface. A good converter must have a work function of 1.5 eV or less,
it must be chemically stable under exposure to atomic hydrogen and must be easy
to use. The first two conditions are met with some single crystal surfaces ,like
Si(100) [9], W(110) [10], covered with about half monolayer of cesium. The high
vapor pressure of cesium makes this type of converter somewhat inconvenient to
use.

The production of surfaces with work functions near or below 1.0 eV have
been reported by several groups [10-16]. These surfaces can be divided into two
classes. The first represented by Si/Cs/O [12,13] and W/Cs/O [10,11] require
atomically clean and structurally perfect surfaces with precise dosing of Cs and
02. in the submonolayer regime. These surfaces are difficult to produce and
maintain and would not be suitable for a negative ion source environment.
Recently we have experimented with converters consisting of thick Cs/O and
Ba/0 layers. The advantage of oxide layers is the fact that their vapor pressures
as well as their work functions are lower than the values corresponding to their
metals. The Cs/O surface can have a work function as low as 1.1 eV [14-16]. The
work function of the Ba/Sr/O cathode is 1.4 eV at 1000" K [17). In this paper we
describe our experiments with cesium oxide converters.

EXPERIMENTAL APPARATUS

The experimental apparatus is shown in Fig.(2). It consists of a planar
diode H' surface conversion source, a movable Faraday cup, a rotating magnetic
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sector mass spectrometer, two interchangeable atomic hydrogen sources, and a
tuneable light source.

The planar diode H- source
consists of a cesium oxide converter sV 5m
surface, a tungsten mesh anode, a
cover plate with a 1.25 mm exit K"

aperture, and a pair of vertical and
horizontal deflector plates. The
atomic hydrogen beam impinges on Light Source
the target through a hole in theI
front cover plate. Te converter is a 4'atw. ."s

0.002" thick Mo ribbon which is
coated with a layer of cesium oxide. Rotating
The Mo ribbon can be ohmically Magnet [-- )
heated and its temperature can be,. Flamen
monitored with a thermocouple Rotating
spotwelded to the ribbon. Rdge

Total negative ion and Oaaa Cup
electron currents leaving the exit H- Ion Beam . Tube
aperture are detected with the W Tub

Faraday cup. The electron current is Shield
separated from the ion current by
imposing a magnetic field _--- W Mesh
perpendicular to the beam by
external Helmholtz coils. The
magnetic sector is used for checking
for impurity ions and for measuring Fig. 2. Experimental Apparatus
the angular profile of the H- beam.

PRODUCTION OF ATOMIC HYDROGEN

Two methods for H atom production are used. The first method consists
of thermal dissociation of hydrogen gas in a heated tungsten tube similar to that
used by Pargellis and Seidl [18], while the second method relies on dissociation of
hydrogen gas in a multicusp plasma source similar to that of Leung et. al. [19].

The thermal dissociation source consists of a W tube 3.6 mm O.D., 2.38
mm I.D. and 64 mm long with a 0.7mm hole in the side of the tube. The tube is
closed on one end while the other end is Cu brazed into a water cooled SS 304
base through which gas is admitted into the tube. A 20 mm long section is heated
by electron bombardment. The tube and filament are enclosed by a water cooled
heat shield.

Atomic and molecular hydrogen are assumed to be in thermal equilibrium
in the tube. For effusive molecular flow [20] we can write:

1/4*CA[1/ 2*nava + nmvm ] = Q/kT0  (1)

where n is the number density of atoms or molecules in the tube, v is the mean
velocity in the tube, Q is the H9 gas throughput, To is the H? gas temperature in
the chamber, A is the area of the exit aperture, and C is the'flausing factor [21].
The molecular and atomic hydrogen pressures in the tube are related by the
equilibrium constant for the H2 dissociation reaction

(3)



K = PH/(PH2)P (2)

where K is given in the JANAF tables [22]
Combining equations (1) and (2) and using the ideal gas law p = nkT we can
solve for the atomic density

na = K2/(2/2kT) {- 1+ (1 + 8Q/CA. 1/K2 ,(4fr mkT) /kT 0 )k} (3)

where T is the tungsten tube temperature. The H effusion flux density impinging
on the target is given by

I = 1/4 *Cnav * cos(a)*(r/R) 2  (4)

where a = 35.5 is the angle between the target normal and the exit aperture of
the tube, r = 0.35 mm is the radius of the exit aperture in the tube, '" = 75.8 mm
is the distance between the converter and the H source, and the Clausing factor C
= 0.61. Under typical operating conditions 1 < Q < 50 sccm, and the tube
temperature is in the range 1900" K < T < 2700* K. At a flow rate of 11 sccm,
and T = 2500* K the atomic lydrogen pressure in the tube is 1.4 torr, the
chamber pressure is 2.4 x 10- orr, pnd the atomic hydrogen flux density
impinging on the target is 8.4 x 101 cm-'sec "1.

For a thermal dissociation source where the atoms have a Maxwellian
distribution only 1% of the beam atoms have energies above 1.5 eV at a
temperature of 2600 ° K. This illustrates the limitations of this type of source for
producing large fluxes of energetic atoms.

The second source of H atoms used in this experiment was a bucket type
source using a 0.5 mm tungsten filament, and Sm-Co permanent magnets, see
inset in Fig.(2). The source was operated in a constant current mode, and the
discharge voltage was changed by varying the pressure and filament temperature.
Typical operating parameters were I(discharge) = 2.0 to 3.5 Amps, V(discharge)
= 40 to 100 volts and P(H 2) = 1 to 50 mtorr. The H energy distribution and
density in our source are presently unknown. In the current experiment this
source was used for comparison with the thermal dissociation source.

CESIUM OXIDE CONVERTER

Previously three methods have been reported for producing low work
function thick Cs/O layers [14). The first method involves the deposition of Cs on
a substrate followed by alternate exposure to Cs and 09 until a minimum work
function is reached. The second method consists of simultaneous exposure to Cs
and 92 with careful control of the pressures. The third method used in this
experiment involves the production of Cs/0 by thermal decomposition of
Cs2CO:he converter surface is prepared in a way analogous to the conventional

way of making BaO thermionic cathodes. A suspension of organic binder and
finely ground Cs2CO; powder is brush painted onto the Mo ribbon producing a
0.10 mm thick coating. Since the finely around powder is unstable in air and
absorbs large amounts of water, the entire grinding and coating procedure is
carried out in a nitrogen filled enclosure.

The coated converter is initially heated to 7200 K for approximately 1 hour
to evaporate the binder. During the initial heating the temperature is ramped
slowly to keep the chamber pressure below 10" torr.

(4)



After degassing, the substrate is heated to 883' K for 50 - 60 sec to convert
the Cs CO to some mixture of cesium oxides and suboxides presumed to be
Cs O and CsO 2 [14,15.
Following This procedure the
substrate is allowed to cool down to 1000

3000 K and H is admitted into the
chignber ata fljx of approximately
10 cm "sec- and an oven
temperature of 2500" K. The H- ion
current from the converter as
monitored by the mass spectrometer 1*0
increases by several orders of
magnitude after initial exposure to
atomic hydrogen. The H current
saturates in 2500 to 3000 sec. After
this initial growth a further increase
in the H- current can be realized by
adjusting the substrate temperature
to an optimum value of 4750 K. An
additional increase in the H- signal
can be achieved by repeating the
o v e r h e a t i n g p r o c e d u r e i n t h e 1, 2 6 0 0 4 6 0 0 6 0 0 0 $ 0 0 0 1 0 0 0 0 , 2 0 1 4 6 0 0
presence of atomic hydrogen. The 0 2so 0 0

converter is said to be "activated" Fig. 3. Converter Activation. 60 to 3000 sec. initial
when the H- current reaches its activation by atomic hydrogen, T - 300 K.

maximum steady state value. The 3000 to 5000 ec. T - 475 K. 5000 to 13,000sec., additional activation by heating in

activation history of the converter is atmic hydrogen.

shown schematically in Fig.(3). The
data show that exposure to atomic
hydrogen activates the surface.

SURFACE PRODUCTION OF H' IONS

The 1-" ion current was measured as a function of the H oven
temperature, the extraction voltage, the chamber pressure, and the converter
temperature. Yields were calculated by taking the ratio of the negative ion flux at
the exit aperture to the incident atomic flux from the H oven. Fig.(4) shows the
H- yields at several chamber pressures and an extraction voltage of 600 volts as a
function of 1 /T(oven). These data were taken at an optimum substrate
temperature of 475" K. The effect of changing the substrate temperature will be
discussed later. We attribute the variation in yields as a function of pressure to
var itions in tle daily activation of the converter. The data at pressures of 6.24 x
10, 2.4 x 10', and 2.9 x 10' torr all show a maximum in the yield curves. The
calculated yields depend on the incident atomic flux and on the target properties.
Assuming that the ionization probability continues to increase with atomic beam
temperature then the apparent drop in the yield would indicate a drop in the H
flux on the order of 1.3 times the calculated value. Variations in the H flux may
be due to a departure from equilibrium conditions in the tungsten tube. These
effects are currently being investigated. No maximum was observed for the data
taken at 1.lx10" torr. All of the yield curves exhibit a exp(-C/kT) dependence at
temperatures below the turnover point. The highest measured yield w s 6.5x10"

at an oven temperature of 2593" K and a chamber pressure of 6.2x101 torr. The
solid lines in the figure are the calculated fractions of atoms leaving the W tube

(5)



with energies greater than 1.0 eV and 1.5 eV. It can be seen that about 62% of
the atoms with energies higher than 1.5 eV are reflected as H- ions at a
temperature of 26000 K.

Fig.(5) shows the H- yield at 124
several extraction voltages apd a
chamber pressure of 6.24 x 10' torr >1.-0ev
as a function of 1/T(oven). The
yields show an increase with
extraction voltage due to a Schottky
dependence on the extraction field.
The usefulness of an atomic 1
reflection type negative ion source is !
demonstrated here since large
extraction fields can be applied
which are not possible in
conventional H- sputter sources due M-04 T 475 K
to excessive sputtering of the
extraction electrodes. . E-3 62E-4

The dependence of the H- • 2AE-4 e 2.9E-5
yield and the ratio of electron to ion ,t-o, 4 .4 .0 4i *6.2 4 6 6, &J0
current on the converter "IT t.V-I3
temperature is shown in Fig.(6) .An
optimum in the converter Fig. 4. Negative Hydrogen Ion Yield vs. 1/T(oven)
temperature is observed where the at several chamber pressures. Extraction
negative ion yield reaches a voltage 600 volts.
maximum and the corresponding
ratio of electrons to ions is a
minimum. This optimum occurs in ,9,
the neighborhood of 475 K and is
observed at all atomic oven
temperatures and pressures. This
optimum was stable and reproduc-
ible in day to day operation and for
several different cesium oxide
targets. We attribute the optimum E .t *V
in the substrate temperature to
maintenance of a minimum work "
function surface due to an optimum
coverag of Cs and Cs20/Cs20 2 on - 475 K
the surface. P 6=- or.

The dependence of the ratio U (Volet]
of electron to ion current on • 1oo
1T(oven) for several pressures is * 300: 6M0
shown in Fig.(7). An exponential 1 oo
increase in the ratio is observed for " e s : *; * A
decreasing oven temperature. At VIT t.v-)
high oven temperatures in the range Fig. S. Negative Hydrogen ton Yield vs. 1/T(oven)
of 2500 K to 2700e K electron to at several extraction voltages. Chawwr
ion ratios on the order of 1 can be pressure - 6.2E.4 to"..
achieved.
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The increase in the ratio with decreasing oven temperature may be due to
trapping and recombination of slow atoms on the surface. The slow atoms are
chemisorbed by the image force and recombine on the surface releasing 4.4 eV of
energy corresponding to the binding energy of the H2 molecule. Since this energy
is larger than the work function electrons may be emitted from the surface by an
"Auger-like" process. This process has not yet been investigated.

Measurements of the H- angular distributions were done for the activated
and non-activated converter surfaces. The angular distributions were converted
into parallel energy distribution as described in ref [3].

Fig.(8) shows the H-
parallel energy distribution at an ,000 1.0-02

H oven temperature of 2523" K
(0.22eV) for activated and non-
activated target surfaces. The
temperature of the distribution
for the nonactivated case is 0.43 10.,G
eV compared with 0.28 eV for the
activated surface. The activation
procedure serves not only to
increase the H yid but also to A .O E-I
remove patch effects' [23] due to
Cs coverage on the surface. After a
activation the energy spread was
independent of converter
temperature variations from I PjtTofr TNI.KI 1ot.

325" K to 550 K. It has previously , 2670
been shown by Melnychuk a 22E-4 2700
et.al.[3] that the parallel energy 2 AE4 2510
distribution of H- ions formed by . . .,6-6
reflecting thermal energy H atoms 0.1 10 , t

from cesiated Mo and n or p type , EUPWT [d*9 C)

Si (100) surfaces have
temperatures equal to the F g. CRato of electrons to ons and H Yield
incident atomic temperature. The vs. Converter Teiperatire.
Cs/O surface has a similar
dependence except that patch
effects are more pronounced.

The H- energy distributions obtained with the tungsten tube source were
compared with the distributions from the plasma H source. See Fig.(8). The
discharge source was operated under conditions where there were no positive
ions extracted from the plasma, therefore all the H- ions produced on the
converter are due solely to reflected hydrogen atoms. The parallel energy
distribution indicates the existence of a slow and a fast component. The
temperature of the slow component is approximately 0.5 eV and the fast
component has a temperature of 1.1 eV. This is a temperature well above that
obtainable by thermal dissociation.

The H' current was optimum at a source pressure of 30 mtorr and
increased with the discharge voltage. The maximum H' currents obtained were
a pproximately 100 times smaller than those obtained with the W tube source at
the same chamber pressure. This indicates a low production rate of fast hydrogen
atoms in the discharge.

(7)
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Fig. 7. Ratio of Electrons to Ions vs. 1/T(oven). PARALILENERGY[eV]

Fig. 8. H" Parallel Energy Distribution.
Thermal H atom source: o non-activated
surface T - 0.43 eV, a activated surface
T - 0.28 eV. Plasma H atom source: a
Tslow* 0.5 eV, Tfast- 1.1 eV.

CONCLUSIONS

Thick films of cesium oxides produced by thermal decomposition of
cesium carbonate have been successfully used as converter surfaces for
production of negative hydrogen ions by backscattering hydrogen atoms. These
surfaces are e , to use, ad after activation are stable in a flux of atomic
hydrogen of 10 atoms/cm /sec and of 0.22 eV temperature.

About 60 % of the atoms with an energy higher than 1.5 eV are reflected
as H- ions for a temperature of 0.22 eV in the thermal distribution. Under
optimum conditions the electron to ion ratio is smaller than one. Large extraction
fields can be used since the converter surface is not exposed to ion bombardment.

For a thermal distribution of the incident hydrogen atoms the H- ions
have a Maxwellian parallel energy distribution with a temperature nearly equal
to the incident atoms (0.22 eV). For a discharge source of atomic hydrogen a
fraction of the H- ions have a parallel temperature of I eV but an intensity 100
times lower.
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Reflection of hydrogen atoms from alkali and alkaline earth oxide surfaces
S.T. MelnychukandM. Seidl
Deparlnenz of Physics and Engineering Phri'c, Siet, ens lnstitute a" Technology. Htobok en, New Jere(v 07030

(Received 27 September 1990Q accepted 22 October 1990)

Negative hydrogen ions were produced by scattering thermal energy H atoms with a Maxwellian
distribution, from converter surfaces consisting of thick coatings of barium oxide, a mixture of
cesium oxides and cesium carbonate, cesium oxides produced by decomposition of cesium
carbonate, and submonolayer coatings of cesium on polycrystalline Mo. The H ion yields and
the ratio of electrons to ions were measured as a function of the incident H atom temperature for
each of the converter surfaces. The ion yield and the electron to ion ratio were found to depend
strongly on the temperature of the incident H atoms, and on the work function of the surface. The
best results were obtained with the cesium oxide converter. H yields from the cesium oxide were
above 1% at H atom temperatures above 0.22 eV. and the surface was stable in a flux of atomic
hydrogen of 10 " atoms/cm2 /s for over 20 h of exposure time with no deterioration in
performance.

I. INTRODUCTION BaCO , and thick coatings of Cs. O/Cs. O, /CsO. produced

In this paper we present the results of our study of the elec- by the thermal decomposition of Cs,CO,. These results

tron transfer from Alkali and alkaline earth oxides to thermal were compared with H ions produced by atomic hack-

energy H atoms reflected from these surfaces. The most im- scattering from submonolayer vapor deposited coatings of

portant factor for low energy surface production of H ions cesium on molybdenum.

is the type of con,.erter surface used. A good surface must
have a low work function, it must be chemically stable under II. EXPERIMENTAL DETAILS

exposure to atomic hydrogen, and it must be easy to use. All experiments were performed in a diffusion pumped
When ihe incident energy of the hydrogen atom or ion is on high vacuum chamber equipped with a liquid nitrogen cryo-
the order of a few eV. the restrictions present in most surface baffle. The base pressure was 3 .. 10 ' Torr. The experimen-
conversion sources operating at 1(X) eV bombarding energy tal apparatus is shown in Fig. 1. It consists of a planar diode
do not apply. Sputtering and implantation are negligible, surface converter, a rotating 28 magnetic sector mass
and complex nmulticomponent conerters such as barium spectrometer, a rotating Faraday cup. a thermal atomic hv-
and cesium oxides can be used. The advantage ofoxide lay- drogen source, a cesium oxide or pure cesium evaporation
ers is the fact that their vapor pressures as well as their work
functions are lower than the values corresponding to their
metals. The benefits of this approach have been recognized
in this laboratory some time ago. and research along these I Tunable Light Source

lines has been pursued in the past t\Ao years.'
The production of surfaces with work functions around

1.0 eV has been achieved hy the coadsorbt ion of cesium and
oxygen. ol a variet of substrates. It is well known that a
monolaycr of cesium adsorbed on Si( (10), or W(110) fol-
lowed by exposure to oxygen can produce surfaces with

work functions of 0.9 eV. These Si/Cs/) and W/Cs/() Rotating 1
surfaces arc extremely scnsitive to the substratc surface con- Magnet - . ,

ditions and require an ultrahigh \ acuum en\ ironment, and a Filament

perfect ,ubstratc surface crxstal structure. These surfaces
\%tlA l not be suitble for a ncgallc ion source en\ onnlelil. Rotating Atomic Hydrogen

Faraday Cup / , Oven

Work [unctions of I.0 eV can he aclchic\cd by the progressive s /,
oxidation of thick (is filn,, ( 10 Itatolic layers) " lile H- Dettector PtateH- Delco Plte Tungsten Tube

slightll higher wkork functions, 1.(5 to 1.2 cV. hae\ becn -- / ,'" H. Deflector Plate

produced h\ tic decposition of thick filis (25 to 50 nmono-
1a',er, of ccsiutm xides produced b\ thernial decotmposi- SC CCO3 Evaporation

tio of(c , . Tungsten S Source

Wc ae iix estigated lhe prodtuction ofI ions by back- Anode Mesh

scattermlng thCrtmal ewcrg% hdrogen atoms from thick coal- Converter

ings of Ba() produccd b, thc thertal deconpoitton of . 1 I I 11il,[)i.,I l'iTIlit,
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source, a residual gas analyzer (RGA) monopole mass 10"' Cs atoms/cm2/s to the target. Evolution of gases during
spectrometer, and a tunable light source mounted outside the BaCO, and CsCO, decomposition was monitored with
the chamber. the RGA.

The planar diode H source consists ofa Mo ribbon cath- Negative ion species and electrons in the extracted beam
ode 8.2 mm wide, which was coated by the particular materi- were identified with the magnetic sector mass spectrometer.
al under investigation, a tungsten mesh anode, and a stain- The extracted beam consisted of H ions and e . No impu-
less steel cover plate with a 1.25 mm exit aperture for the rity ions were detected. The total current leaving the exit
extracted H and e beams. The cover plate also contained aperture was measured by the movable Faraday cup. Elec-
the entrance aperture for the incident H atom beam, and a trolls were separated from the H beam by a magnetic field
shield separating the H atom source from the H analysis of 20 to 25 G produced by a pair of Helmholtz coils located
region. Vertical and horizontal deflector plates for steering outside the chamber.
the extracted beam. and a deflector plate for deflecting any For each of the converter surfaces used, we measured de-
positive ions emitted from the atomic hydrogen source, are pende1,ce of the H ion and electron currents, on the inci-
mounted on the cover plate. The Mo ribbon cathode could dent H atom temperature, and the converter temperature.
be ohmically heated up to 1500 K. and its temperature was The H yield is defined as the ratio of the H ion current
monitored xxith a thermocouple spotwelded to the ribbon. density leaving the converter to the H atom current density
The atomic hvdroten source consisted of a tungsten tube incident on the converter. The yield vas determined by mea-

w, ith a 07 mm aperture in the side of the tube. The tube wNas suring the H ion current to the Faraday cup. and calculat-
closed oi one end and the open end was brazed into a water ing the corresponding current density at the exit aperture.
cooled base through which H. gas xvas admitted into the Since the exit aperture only samples a small area of the con-
tnbC. The end section of tile tube in the xicinitN of the exit ,ertcr surface, and we have a planar extraction geometry. we
aperture a,, heated by electron bombardnent from a heated assume a uniform current density at the exit aperture which
tungsten tilament. Fhe total gas flow% into the source was is related to the current density at the converter surface by
measured by a gas flow meter calibrated for H, gas. Typical the transmission factor of the anode mesh.
operating temperatures for the source \were between l1950
and 2750 K. The flux of hydrogen atoms impinging oti the Ill. EXPERIMENTAL RESULTS
target wts calculated based on the assumption of thermal The H ion yield data, and the ratio of electrons to tons.
equilibrium in tile source, and a knowledge of the conduc- for each of tie converters tested are presented ill Figs. 2 and
tance oftihe esotarurce. The tube teperat r, wanmeaed t3. These data are plotted as a function of 1/1e I V ' o. where
flow into tie sou~rce." " Tihe tube temlperature wa'is tmeasured

wil ia disappearing filament type optical pyrometer. 1is tile temperat Lre ofthe atomic H oxen.

Four types of H converters were tested. [lc first two A Barium oxide converter
types of converters consisted of 1aCO or Cs. C(, applied
directly onto the Mo cathode ribbon before insertion into the The Ba() converter xas prepared by brush coatig the Mo

vacuuni chamber. Before tie Mo ribbon was coated wvith cathode ribbon wvith a commercially obtained BaC()0 sus-

CsC() or 13aC() it \xas cleaned in vacuum by heating to
1350 K for 30 to 60 rain in a background pressure of H. gas
of'8 - 10 1 Torr. These coated targets \\ere then heated in

a ,citunil to decompose ie carbonates to their oxides, and H I -

atoms x crc reflected tfront the decomposed targets. The de- 2-

tail, of' lie decomposition process will be described in the
nest sect lo. The third t pe ofcon\erter used consisted of a L 45 eV'

thick coatiliC of ccsium oxide,, on tile Mo substrate ribbon, A 'A .- '60 eV

tilade in liu. b\ collecting the ex aporation products of
Cs ('(, decomposed at , 9 K. The cesiuni oxide \ apora-
tion source coinsi,,tcd of'a Ni ribbon 7.62 rnnl \wide atnd 25.4 25 eV

11m long. onto \ hic \tas spot welded a tine tungsten| mesh t
of the salte dimensions. The Ni ribbon and niesli were
spot xxcldcd onto t\%o stainless steel Illonts \xhich c %c d as .0

the electrical cotntacts. The source plane \as oriented at 45 - 260 eV

to tile coux crier normal such that sonC fraction of'the c\ap- ....

orated material \would be collected bh, tile Mo ubstrate rib- 42 . 7 5.? 5. / 6.2

hon. The purpose of the mesh %%as to increase the surface ev

aitca ol tile soure to aIl lo\ a sustantial a lliount of Cs, (

to be applied onto the surface. [lie Ni ribbon could be ohnii- I1\Ilt? 0% I1 1
tioi (L , (1) A (. (, (. ( . 1' \t o.' ic' ' t ,c Md

callx heated. and its temperature could be monitored \with a 1 1, H %%0"
hhe ni coulc lit i .t",( ()(' n koO ltl,1 t ' ~'110d lthcrmnocntuple+ The :. las tpe of,2ouxerter ulsed xx as+ a partially . , iIv+ ,t+\hL ,, €< x. tnt the ",cl I~ml ic (%, ((I 1) tI\IICI

ccsiaIed M o coil\ crier. Tlhe Cs,- C0 c\ aporation sOurce\xas , IItII ,I l, t Id I I Ill I i,I I,i ih Ii 1'Al f ,l j I , [,

replaced b\ a Cs dispenser capalbc of dclhxcring frl'om Itt" It hIiI2c lht t l, ittI t c \ ci T 111;111 1.
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1/T [eV-1] FIG. 4. The dependence of the H ion yield, and the electron current den-
sity. on the temperature of the BaO converter at an extraction voltage of 300

Fiu;. 3. Ratio of electrons to H ions in the extracted beam. BaO, V. The H atom flux to the converter was 9.7 x t0" atoms/cm2/s at an oven
0 CsCO 0 A Cs/Cs.O/Cs.00, A Cs/Mo converters. The ratios for the temperatureof2490K.#; A,SH ioniyield.
BaO. Cs/Cs, O/Cs.O ., and Cs/Mo converters were measured at an extrac-
tion voltage of 30() V, the ratio for the Cs. CO, converter was measured at
900 V6

tures above 925 K due to the large extracted electron cur-
rent. The increase in the yield at high converter tempera-

pension followed by conversion of the BaC to BaO by tures is most likely due to a lowering of the work function
heating the coated ribbon in vacuum. Production of a well due to diffusion of Ba to the surface of the converter. The
activated BaO depends on the production of free Ba and on dependence of the electron current on the converter tem-
the diffusion of the Ba into the BaO crystals and to the sur- perature shows that at low temperatures the electrons are
face of the converter."''' Decomposition of the BaCO, to primarily due to the interaction of atomic hydrogen with the
BaO was carried out by heating the converter to 1073 K for surface, however at high temperatures thermionic emission
2-3 h, followed by a further heating of the converter to 1273 is the dominant electron production mechanism.
K for approximately 3 m in order to produce free Ba from
the BaO and diffuse it into the BaO coating. Following this B. CsthCO converter
activation procedure the converter could function as a stable Preparation of the Cs, CO., coated converter was carried
electron emitter at an operating temperature of 873 K. out in a manner analogous to that used with the BaCO,
Further activation of the converter was carried out by re- coated converter. A suspension of organic binder, and finely
peating the overheating procedure with H. gas in thepetig heovrhatngpocdue it H gs n-h ground Cs, CO3 powder was brush painted onto the Mo rib-
chamber, at a pressure of I X 10 ' Torr, and with a flux of bon producing a 0.1 to 0.2 mm thick coating. Because the
I '- 10'" H atoms/cM 2 ,, imp;nging on the converter. The finely ground CsCO, powder is extremely moisture sensi-
overheating procedure in the presence of H,, and atomic H tive, the entire grinding and coating procedure was carried
resulted in a sixfold increase in the electron emission current out in a nitrogen filled enclosure.
at an operating temperature of 873 K. The converter over- Cs2 CO 3 decomposes according to the reaction7"
heating procedure described above was repeated daily before Cs CO, + A = Cs 0+ CO2

measuring H yields.
H ion currents, and electron currents were measured at where A is the heat supplied for the reaction to proceed.

an extraction voltage of 300 V. and a converter temperature Below 673 K Cs. O evaporates according to the reaction
of373 K. The H. gas flow rate was 26 sccm corresponding to Cs2 O(solid) + A :Cs2 O(gas). (2)
a chamber pressure of 4.1 x 10 ' Torr. The yields ranged but above 773 K Cs 0 reacts to form Cs, 0, according to the
from 5K 1 ' at 2670 K down to 7X 10 "at 1960 K. Mea- reaction' 3

surements of the thermionic work function under these con-
ditions gave results ranging from 1.81 to 2.18 eV at a con- 2Cs 20(solid) + A=2Cs(gas) + Cs.O 2 (gas). (3)
verter temperatures from 628 to 944 K. This may be com- We have attempted to produce a low work function coat-
pared with 2.5 eV which is the work function of clean bari- ing directly on the CsCOI converter by appropriate heat
urn. treating of the coating, and by exposure to atomic hydrogen.

The dependence of the H yield and the electron current The Cs. CO, converter was initially heated without H, gas
on the converter temperature is shown in Fig. 4. These data in the chamber up to a maximum temperature of 879 K.
were taken at a constant H oven temperature of 2490 K. At During this heating the gas evolution was monitored with
925 K the yield increase,, by 3 to 4 times compared with the RGA, and the thermionic electron emission current was
operation at 373 K, howevcr the electron to ion ratio is about monitored with the Faraday cup. Decomposition of the ni-
3 , 10'. We c(uld not nteasnre tt ion currents at tempera- trocellulose based organic binder occurred at converter tem-
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peratures from 358 to 730 K.' 4 As the converter tempera- of CsCO, heated above 873 K. We have measured work
ture was raised above 763 K a significant increase in the CO, functions of thick cesium oxide coatings produced by the
peak on the RGA was observed, accompanied by an increase above method ranging from 1.45 to 1.2 eV. using the electron
in the electron emission current. At a converter temperature retarding technique in a UHV environment.
of 879 K the CO, peak was 75 times greater than at the base Before the Mo ribbon was coated it was cleaned by heating
pressure. and the electron emission current increased by 10' to 1000 K for 10 to 15 min, in a background H, pressure of
times when the converter temperature was raised from 707 4.0x 10 4 Torr, with a flux of 9.5 X 10' H atorns/cm2 /s
to 838 K. The evolution of CO. gas, and the increase in the impinging on the ribbon at an oven temperature of 2443 K.
electron emission, was indicative of the onset of the Cs, CO, The Cs, CO, evaporation source was heated to 963 K ap-
decomposition reaction ( I ), and a lowering of the work proximately 1 min before the heating of the Mo ribbon was
function. The converter was maintained at 879 K for ap- shut off in order to allow the source time to degas. No H
proximately 2 min. after which the converter was cooled to ion current was detected with the target at 1000 K. and the
373 K. After this initial decomposition of the Cs, CO,. H, source at 963 K. The source was kept at 963 K, while the
gas was admitted into the chamber at a flovk rate ot 16 seem, target was rapidly cooled to approximately 360 K by shut-
corresponding to a chamber pressure of 3.24 - 10 - Torr, ting off the heating current to the Mo ribbon. Material was
and the converter was exposed to an H atom flux of deposited onto the ribbon fora total of6 min. Auger electron
1.2 x 10' atoms/cm"/s at an oven temperature of 2523 K. spectroscopy data'" of thick films ( > 30 A) produced by the
At this point the extracted H ion current was less than 100 decomposition ofCs. CO, under UHV conditionsshow only
pA with the converter at 373 K. The converter was then Cs and O present on the surface. Basedon reactions (1), (2).
heated to 843 K for 60 s. in the presence of atomic hydrogen. and (3). and on the data of Klemm and Scharf' who have
followed by cooling back down to 373 K. After this second identified Cs and Cs.O, in the condensate of decomposed

overheating the extracted H ion current increased to 120 Cs. 0, we assume that the converter was covered with a mix-

pA correspoiding toa yield oft5, 10 "H ions per incident ture ofCs. CsO, and CsO,_

atom. This overheating procedure was repeated 20 more The converter coating procedure. and the dependence of

times, until the yield reached a maximum steady state value the H ion current on the target temperature, are summar-

of 4. It0 ions per atom at a 2523 K oven temperature, and ized in Fig. 5. As the Mo ribbon cooled after heating to 1000
373 K target temperature. Each heating of the converter was K. evaporated material from the source was deposited onto

carried out at a 16 to 17 sccm HI gas flow rate, and a 2523 H it. and a rapid rise in the H ion current was observed. After

oven teniperat tire. with a flux of 1.2 ,, 10"' H atoms/cm-/s approximately 20 s of deposition the H current peaked at
impinging on the converter surface. Based on reactions ( 1 ), 10 nA. with a target temperature of 425 K. corresponding to
(2). and (3). and on ultraviolet photoelectron spectroscopy a yield of 1.8 10 H ions per H atom. followed by a

(UPS) data identifying the presence ofO) . and O' species continuous decrease in the ion current for the remainder of
present on the strfaice of Cs.,CO, largets heated in atomic the time that the evaporation source was heated. After the
hydrogen,' we assume that the final activated converter deposition source was shut off the H ion current slowly
surfacc consisted of a mixture of Cs.O., Cs.O,. CsO.. and increased with the converter at 350 K. Upon heating the
unrcacted Cs, Co . converter to 445 to 455 K the ion current rose rapidly, and

Measurenients of the photoelectric threshold of Cs. CO, increased for several minutes before reaching a saturation
target,, heated f the presence of atolic hydrogen in our 1aluc of 50 nA corresponding to a yield of (.I , 10 " ions

vacuum syvstcm give values in the range of 1.88 to 1.68 eV per It atom, at an oven temperature of 2443 K.
depending oii the temperature ot the converter, and on the
degree of actixation. Work functions as low as 1.5 cV have
been obtained under ultrahigh vdcuum ( UHV ) conditions
after se eral days of heat treating the conxerter in tile pres- 1000 1000

cnce ofalonlic hydrogen. however xalies around 1.7 eV are ] 0-0 900

morc ipical of this vpe of target.' I yields from this% "

comcrter wyere 20 times greater than from the BaO conxcrt- , 0 o

er. ,,hilc tile electron to ion ralio xas from 5 to 30 timc, / " 700sm11aller tlCpcnd11iling ()I the If oven temperatutre. 0 60
10

• I600

500

C. Vapor deposited cesium oxide converter t o o
0 L 300

A thick coat. i 1' of CesiUm1 oxides was produced on tlie 102 10 
4

cofx crtcr. in the presence of atomic lidrogcn. by heating TIME [SECI

lie (,s (C() cxaporation source a.boc the deconmposition
tcniperatti re oft hc carboiat . aid collctin g the products of iIc 5 1) IliAll iiic\ l it , oll-l c I urr 1iniIII O. d lgl ' , e C.. (

tlis dccol ipoilin (Il tle ,Io ,u stralc ribbon. b ri rc and 111'1L -If'*'il i All l , hii l' ini i fii I \ l"i i ll,, thi c alwcnl tipcr-II~k i l| ii t ( ' {(A dc'.'lipii ' i x IF' .t ix' a tin iiii~l~l Of tilme' jl lilt

Simmer reported obtaining xork fniict ion, of 1.05 to I. 15 ii . I l t f l ax a iiiciii i

c\, t'r'in thick tihlii o ,fCs oxidcs ( 25 to 50 nionolavcr,, ) pro- ink. t ic t II Ill I. lil' el''lt %x ') w I l i ll ci It. ll
LhticiCt b collCCtl011 Of tie tlernlatll decomposition prodtlcts ,Cil iciIIlC.itiic i 244

-1 K
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The stability of these cesium oxide coatings was studied by iods of time ( > 10 min), the yield did not recover fully. sug-
measuring the behavior of the H ion current as a function gesting that some components of the coating may have evap-
of time. The extracted H current remained steady at the orated.

optimum converter temperature of 455 K for at least 20 h of Yields above 10 2 can be obtained at H oven tempera-
cumulative operation over the course of 3 days of testing. tures above 2520 K. The highest measured yield was
during exposure to atomic hydrogen at a flux of 10" .6x 10 'at an oven temperature of 2667 K, while thelow-
atoms/cm -/s. The coated converter survived overnight in a est measured yield was 2.0X 10 'at an oven temperature of
residual vacuum of 3 x 10 'Torr after it was cooled down to 2035 K. Above 2500 K, the electron to ion ratio is less than I
room temperature, and the H. gas was pumped out of the and remains fairly constant, while at temperatures below
chamber. Each day following the initial deposition, in order 2470 K the electron to ion ratio increases exponentially up to
to achieve the optimum H yield after the converter sat a value of 6.6 e /ion at a temperature of 2045 K.
overnight at room temperature, it was necessary to heat the
converter to about 455 K. The growth in the H ion current
with time. showed a sharp increase when the converter was D. Cesiated molybdenum converter
heated above 400 K, followed by a stabilization in the Hcurret arund 40 K.The final type of converter which was inv'estigated was a

partially cesiated polycrystalline Mo converter. The lowest
The dependence of the H yield on the temperature of the attainable work function for a submonolayer of Cs on poly-

converter is shown in Fig. 6. The optimum converter tem-pertur ageeswel wih te osered ptium empra- crstalline Mo is 1.55 eV. i",, in thi, experiment we replaced
perature agrees well with the observed optimum tempera- heC, evaporation source with a Cs dispenser." The

ture of Briere and Sommer7 for their 1.2 to 1.05 eV work the Cs,

function surface produced by decomposition ofCsCO,. Cs flux incident on the converter was determined by heating

These data were taken wfih the H atom source of the Mo converter ribbon above the critical temperature for

17 sccm c o p ing t complete ionization of all the incident Cs atoms.2' and mea-
chamberpressureof33 10 Torr,oandfanHaton fluxof suring the saturated Cs ion current density leaving the

converter. This saturation value corresponded to the inci-
9.5,.. 10'~ atomis/cm2 /s. The yield decreased by 90 times dent Cs neutral flux. Cs fluxes to the converter ranging from
when the converter temperature was raised from 455 to 675 10' to 10' aoms/cm'/s could be obtained.
K for approximately 5 min. however upon cooling the con-
%erter back to 455 K it recovered to its optimum value after
approximately 30 min. The thermal stability of the oxide to heat clean, and sputter clean the Mo ribbon. The proce-cproiante compredTwithepure Cs.ailt T fhe oxdesto oa
coatings can be compared with pure Cs. The decomposition dure used was similar to that used with the Cs. CO, evapora-

tion source. The Mo ribbon was initially heated to 1360 K
for 5 to 10 mm in the presence of H. and atomic hydrogen,

spectively, indicating that these compounds are relatively
stable below these temperatures. At 450 K the vapor pres- with no Cs vapor incident on the converter. Approximately
stabe be thes3.52 tm rue At 450 K thrres aporing pres-2 min before cooling the Mo ribbon, the Cs source was heat-
sure of pure Cs is 352 t10 Torr corresponding to ani ed up to its operating temperature corresponding to a flux of
evaporation rate of 5 10' ators/cm2 /s ( z 10 mono- 10' Cs atoms/cm2 /s to the converter. With the Cs source at
layers/s). while at 675 K the vapor pressure is 21 Torr corre- operating temperature the Mo ribbon was rapidly cooled
spondi ng to an evaporation rate of 2.5 10" atoms/cm/ down by shutting of the heating current, and simultaneously
( Z 10 monolavers/s).' Thereforecesiatedconverterscarn- the W anode mesh was heated up to 1200 K to ionize at
n- mainfained at elevated temperatures \without a con- fraction of the incident C.s neutral flux. As the target cooled
stantly resupplying Cs to the surface. When the was bombarded with 6 of Cs ions at 3(X) Vit / obre ith0tA/cnv:o s'in t3X

Cs/Cs, 0/Cs, ). convcrier was kept at 675 K for long per- extraction energy for approximately 5 min. During the Cs

ion bombardment the H current grew to a steady state
value dictated by the incident H atom temperature. and bv

the steady state coverage produced on the surface by ion
bombardment. After 5 min of ion bombardment the W mesh

2 was cooled dlown and the converter was coated with Cs \a-
por. The -I ion culrrent increased to a maximLum alue cor-
responding to an opt imurn Cs coerage. follow'ed by a con-
t inuots drop in the current a thlie converter became over

1, cesiated.

Yields \w ere calculated using the peak value of the H ion
current obtained after sputtering. for several different oven
temleraltires. The ield ranges from 0 , 10 1 at 2640 K,

10-4 .down lol . 10 at20)13K. These.xieldsmatch veryhclosely
300 too 500 600 /00 w ilh prcx ous Leas-lrelents ofthe tt yields from cesiated

TARGET TEMPERATURE X Mo coumerters. Mhere a heated Ugllslen mesh was used as

I, It I ,l( .o Ifi j .,I' JI i1 , t ll 1? 1 the source of atomic h ~droell. The ratio of ions to dec-
( 1, .( . (I .,I.cdr,,d~cd dct,, , l ,tf (I) tronl, \rrieso Irot n ()t 5 ' ion at 204) K. upto41 c iion at
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2013 K. These values fall in between those for the Cs, 0 in order to maintain the desired coverage at typical operating
converter, and the Cs, CO, converter, conditions.

The Cs/Cs, 0/Cs, 0. converter has the lowest work func-

IV. DISCUSSION tion and the highest yield of all four converters tested. This

Theoretical calculations of the ionization probability of H surface has clear advantages over the BaO, Cs, CO,. and

atoms reflected from metal surfaces show a strong depen- Cs/Mo converters. The coating can be several hundred ang-

dence of the ionization probability on the velocity of the stroms in thickness, and its work function is independent of

reflected atoms when the escape energy is close to the bind- the substrate composition. Cesium oxides have a lower va-

ing energy to the surface.'' Only atoms with kinetic ener- por pressure than pure Cs making them more stable at ele-

gies great enough to overconme thc potential barrier due to vated temperatures. Additional advantages of the

the image force near the surface canl escape as negative ions. Cs/Cs,0/Cs,0, converter are that it is highly reproduc-

This leads to a cutoff energy below which the ionization ible, stable in a hydrogen environment, and it survives for

probability rapidly drops toO0. This cutoff energy depends on several days without deterioration in diffusion pumped

the difference between the work tfunction and the electron vacuum system. The stability of these coatings at atomic

affinity lcvel of hydrogen, and typically lies near I eV for hydrogen fluxes above 10"i atoms/cm 2/s has yet to be deter-

surtaces of interest for H ion production. H ions which mined. The strong dependence of the H yield on the tem-

do not have sufficient energy to escape from the surface are perature of the incident atoms suggests that significantly

trapped and eventually recombine to form H, molecules re- higher yields can be achieved with sources producing hy-

leasing 4.4 eV per molecule at the surface. This recombina- perthermal H atoms above I eV.

tion energy is sufficient to eject elect rons from a surface with
a low% work function.ACNW EG NT

Due to the trappingof low energy H atoms, only the atoms This work has been supported by the Air Force Office of
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Solid state cesium ion guns for surface studies a)
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Three cesium ion guns covering the energy range of 5-5000 V are described. These guns use a

novel source of cesium ions that combine the advantages of porous metal ionizers with those of
aluminosilicate emitters. Ccx um ions are chemically stored in a solid electrolyte pellet and are

thermionically emitted from a porous thin film of tungsten at the surface. Cesium supply to the

emitting surface is controlled by applying a bias across the pellet. A total charge of 10.0 C can be

extracted, corresponding to greater than 2000 h of lifetime with an extraction current of I.OtA.

This source is compact, stable, and easy to use. and produces a beam with > 99.517 purity. It

requires none of the differential pumping or associated hardware necessary in designs using

cesium vapor and porous tungsten ionizers. It has been used in ultrahigh-vacuum (UHV)

experiments at pressures of < 10 "' Torr vith no significant gas load. Three different types of

extraction optics are used depending on the energy range desired. For low-energy deposition, a
simple space-charge-limited planar diode with a perveance of I X 10 7 A/V is used. Current

densities of l0.0i A/cm at the exit aperture for energies t- 20 V are typical. This type of source

provides an alternative to vapor deposition with the advantage of precise flux calibration by
integration of the ion current. For energies from 50 to 500 V and typical beam radii of0.5 to 0.2

mm, a high perveance Pierce-type ion gun is used. This gun was designed with a perveance of

10 "A/V' and produces a beam with an effective temperature of0.35 eV. For the energy

range of 0.5 to 5 keV. the Pierce gun is used in conjunction with two Einzel lenses, enabling a large

range of imaging ratios to be obtained. Beam radii of 60 to 3001im are typical for beam currents of

50 nA to I.OpA. Results are presented and discussed for UHV studies of ion implantation.

electronic surface changes induced by adsorbates. and negative secondary-ion mass spectrometry.

INTRODUCTION posited on a heated tungsten base. Cesium ions are chemical-

It is well kno\in that the wvork function of a metal or seni- ly stored in the aluminosilicate and are emitted thermioni-

conductor surface is lowered wkhen the surtace is covered cally. This arrangement is simpler. and no differential
wkith a submonolayer deposit of cesium.' " This effect has pumping is required. but other disadvantages exist. The

been lscL ill cold cathode Clectiron ,ources. negativc-ion emitting surface is not unipotential. resulting in large energy
so Mirce,,, and for enhancing the secondlary negatis c-ion yield spreads, and the amount of cesium stored in the thin lacer is
of atoms and molecules.' The presence of'cesium greatly small.

enhances the lox\-tcnperaturc oxidation and nilridation ki- We have developed a cesium ion source that combines
netics on semiconductor surfaces. ''' the advantages of porous metal ionizers and aluminosilicate

Cesium may he deposited on surfaces either by vapor emitters. "" Cesium ions are chemically stored in a solid elec-
deposition or an ion beam. Vapor deposition sources require t rolyte pellet N% hose emitting surface is coated with a porous
shielding. differential pumping. and flux calibration. With thin film of tungsten. At an operating temperature of

aii ion source. the incident flux is determined by direct nica- z 1000 'C the solid electrolyte is a good conductor of cesium
suremcnt of the target current, and differential pumping ions. This makes it possible to control the cesium supply to

ma. not be necessary. On tle other hand. space-charge ef- the emitting surface by a voltage applied across the pellet.
fects put a lower limit on the incident ion energy. Cs ion Cesium ion emission occurs on the surface of the porous
sources are typically of the surface ioni/ation type, ,ice the tungsten cathode by surface ionization. This source is clean,

ionization potential of cesium is smaller than the work func- compact. efficient, and is compatible with any vacuum sys-
tion of most surfaces. Surface ion i/ation sources also have al tern from 10 ' to < 10 ''' Torr.

inherently Iow% beam temperature. In this article. wve first describe the source in more detail.
There are two basic types of Cs surface ioniiation We then discuss three types of extraction geometries using

sources. One is a heated porous tungsten plug that is fed this source. For energies from 5 to 50 eV a space-charge-

fron behind with cesium vapor from a hot liquid-m:tal limited planar diode geometry is used, In the energy range of
oxen. ' It has a high current density and low beam tern- 50 to 500 eV. we use a Pierce-type" extraction geometry.

perature, with the disadvantages of differential pumping and For the energy range of 0.5 to 5 keV. this Pierce gun is fol-
problematic routine venting due to pore clogging. A second lowed by a two-lens optical column. Applications of these
type t. picalklx consists of a thin laxer of aluminosilicate ie- guns are also discussed.
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I.Cs' SOURCE spread of the beam by providing a unipotential surface for
The basic element of this source is a cylindrical pellet emission and provides a means to supply a flux of ions to the

(0.5 cm in diameter and 1 cm long), sintered from cesium emitting surface. By coating the back of the pellet with i
mordenite (Cs-M) powder. The pellet and its emission char- thick layer of platinum, the flux of cesium ions can be con-
acteristics are described in detail elsewhere, '

" but the basics trolled by a voltage placed across the pellet. Cesium diffuses
are as follows. Cs-M is a solid electrolyte that has an alumi- through the porous tungsten film to the emitting surface.
nosilicate matrix with an interchangeable cation. When where it is surface ionized and extracted. A total charge of
heated. Cs ' ions are conducted through its channel struc- 10.0 C can be extracted from the source. This corresponds
lure. The structure has a two-dimensional channel system togreaterthan 2000h oflifetimeat an extraction current of I
and its pore size is about 6 A in diameter. This is known as 1iA.
large-port mordenite." This source has the same high emission current density

The Cs-M powder [CsOAILO,(SiO,),, is obtained properties as the porous tungsten ionizers. hi its present
from Na-M [ Na,OAl,O(SiO1)1j by ion exchange," and form, we have extracted up to 30 mA/cm :in dc stead\ -state
then heating to 1050 °C. resulting in a phase transformation operation. How evcr. it does not need to be differentially
from Na-M to Cs-MI structure. It is then crushed and ground pumped, and the thin tungsten film can be \ented repeatedly
to a particle size of z I tim. pressed in a cylindrical die. and to atmosphere without any pore-clogging problems, which
sintered at 1350 'C for 3 h. The resulting pellet can be ma- can occur with thicker porous plugs. In addition, the cesium
chined % ith a small grinding wheel for use in special applica- stored in the Cs-M is stable upon repeated exposure to atmo-
tions, sphere and can be handled without any special precautions

The pellet is heated by an alumina-coated 0.25-mm or dangers. unlike tue liquid-metal-based sources.
tungsten ilanient coiled around the pellet. In order to re- The time needed to degas the source is I I da\ at a pellet
duce the power losses, coaxial Ta shields are mounted temperature z 1100 'C. Once ottgassed, there is no discern-
around the filament. The entire arrangement is placed inside ible gas load at a pressure of < 10 " Torr. and tie source
a thin-walled stainless-steel tube with the emitting electrode may be operated without changing the s stem prcssnire.
at one end, and a spring loaded compression assembly at the After the initial break-in period, the source is normally kept
other. Figure 1 shows this assembly as used with the Pierce hot ( z500 °C). eliminating start-up outgassing- and pre-
electrodes to be discussed later. Around 15-18 W of power venting adsorption of contaminants on the gun assembly. It
are required to achieve an operating temperature of 1000 'C. has been reported that zeolite sources are gassy and easily
At this temperature. the Cs-M is an ionic conductor with a contaminated by active gases,' but we have not found this to
conducti% ity of z 10 ' (1 cm) t. be a problem with our arrangement.

The emitting surface of the pellet is sputter coated with a The beam produced by an early version of this source
thin porous tungsten layer. This layer improves the energy contained < 0.40"C. Rb '. 1 0.051% K . and 0.02'e Na .

The relatively high percentage of Rb * ias due to Rb impuri-
ty in the CsCI (99% pure) used in the ion-exchange process.
This form of contamination has been seen before" and is

PIERCE greatly reduced b, using higher-purit, CsCI (9.9C').
ELECTRODES <

-GLASS
ROD

PELLET II. EXTRACTION GEOMETRIES AND RESULTS
F I LAMENT

SHIELDS -A. Planar diode

For deposition energies from 5 to 50 eV. a planar diode
extraction geometry is used. The source is assembled as

CERAMIC shown in Fig. 1. with the substitution of planar electrodes for
the Pierce electrodes. The emitting end of the pellet is ma-
chined with a small step. such that the emitting surface is

SPRING I- (I--flush with the exterior of the electrode surface. The extrac-
tion electrode is spaced 0.75 mm from the pellet surface and
has a tungsten mesh spot welded over the extraction aper-
ture in order to pro% ide a uniform field. The theoretical per-
%eance of this planar diode arrangement is I , 10 A/V
Target currents I tiA at energies - 20 V are ty pical. This
gun has been used in studies of electronic surface changes
induced in silicon by cesium deposition." where it is seen to

BIAS be fully equix alent to a %apor deposition source, with the
LEAD ad'antage of precise calibration of the flux by integration of

I1 I I c,,NIIrn I n ,Iit c ,I',cmhhk drt , I \ . , ,, 1 n 1 h th Icr c ChC the ion current and other a.d\ antages described pre\ ionsl .
ro.., .1 Im pl Results of this ,tud\ include the attainment of a work fune-
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lion equal to 0.9 eV by Cs' bombardment and oxygen coad- 1o
sorption and experimental support for an asymmetric dimer 980 C /
model for the sputter-cleaned and annealed Si ( 100) target. 9500C

------------ -9200C

B. Pierce gun , I
4biasing

For energies from 50 to 500 V, a Pierce-type' " extrac-
tion system of our own design is used, as shown in Fig. 1. It -

consists essentially of three conical sections: two for the fo- / -

cus electrode and one for the extraction electrode. Tile ana- a 10-6

lytic solution for the field in a spherically convergent ion gun
has been worked out in detail. "4 It gives a complete represen-
tation of the potential distribution at the beam edge with the
perveance, convergence angle, and radius of curvature of the
cathode as parameters. The perveance (P) is defined from
the Child-Langmuir equation for space-charge-limited flow
in a diode,

(I I, I I I
and is determined for a given setup only by geometric fac- 10 100
tors. The design values were as follows: a perveance of V (volts)
1.0 , 10 " A/V' -, a convergence angle of 11.8' , and a cath-
ode radius of 9.76 mm. Fi(i. 2. Current-%s-wotage characteristics for the Pierce gun at e~eral

A computer program written in house is used to deter- source temperatures. The 920 'C cur~c illustrates the effect of sample hias.

mine the potential distribution at the beam boundary for a
given electrode configuration. This calculation is subject to
the boundary condition that the gradient of the potential at across the pellet, the emission increases to its space-charge-
the beam edge be parallel to that edge. and to boundary con- limited value.
ditions at the electrode surfaces. The program uses a triangu- The theoretical value for the position of minimum beam
lar grid, which allows 'he density of grid points to be adjust- radius, taking only space charge into account," is 10.9 mm

ed to give greater accuracy in the regions of higher field. This from the cathode surface. The actual focal point varies
method gives good accuracy without requiring excessive slightly, from 10.5 mm at 100 V to 11.5 mm at 500 V. The
computation time. The angles of the electrodes are varied beam radius at the focal point is measured by passing a Fara-
until the error between the computed beam-edge potentials day cup with two slits a known distance apart, across the
and the analytic values is less than I 1% . These computer cal- beam. The beam radius is then determined by measuring the
culations indicate that a deviation in the angle of the elec- peak half width at half maximum and calibrating using the
trode surface in contact with the emitter of as little as 1V known slit distance. In Fig. 3 are plotted experimental data.
results in an average error close to the emitter of 4.5% . showing the beam radius at the focal point versus beam ener-

The emitting surface of the pellet is placed in electrical gy. The solid line represents the equation
contact with the beam-forming electrode of the Pierce gun as
shown in Fig. I. The aperture in the extraction electrode is R =f( T/,,U) -+ (2)

covered with an 8417c transmitting W mesh to remove aber- where R is the beam radius at the focal point.fis the focal
ration and divergent lens effects.-" The electrodes are assem-
bled on a mounting jig and are then secured and insulated by 0.6
glass rods. The rods are mounted by heating them until they
are soft and inserting the electrode supports into them. The 0.5-
machining accuracy of the foctts electrode is critical to ob-
tain an acceptable beam. We have seen experimentally that E 0.4-

an electrode with a 7' error results in a source that is drasti- E

callv different and in complete disagreement with the in- ) 0.3-

tended design. The electrodes used in this gun have an angu- < -
har error of . 0. 50.

In Fig. 2. the /- [characteristics are shown for several 0.1
temperatures. A perxeance of 1.2 1 10 A/V' ts expert-
mentall. detcrntined from the slope of these lines. The low- 0
est-Ielperature data ilIistrates the effect ofsainple bias. For 0 100 200 300 400 500 600 700 800 90 1000 1100

zero hias, t ie current i licreases as s ' w, it should for space- ENERGY (eV)

charge-linlted emission. llo eer, at z 100 V the rate of I, Picc cull l diui 11 the 10,A 11111 % i 11ca i ec the

increase hbginw to drop. indicating that the ctitren is hecom- .ll ' Ire Cxl . i d,ih, aInd the ucwl c leprcseIrnl t II (lit' tct

il1 mtsstll' it limited. W ith the proper bia, oltage placed 1"t .i1 ctiyLtlsv hx nl i lul ,t I cV
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distance, T'is the effective beam temperature in eV, U is the close to the aperture at the end of the tube, a large beam
beam energy, and A is the spread due to space charge. The diameter and high beam current result. If the focal point is
only variable parameter in this equation is the fcf'ctive heam close to the condenser lens, a small beam diameter with low
temperature. All the other %alues are kno\\n. This equation beam cu; rent is obtained. By this method. t wide range of
is arrived at by assuming that the beam starts off with a imaging ratios is covered.
Maxwkellian distribution of initial transvcrse velocities. Tile An approximate relation for the beam radius as a func-
value for the spread due to space charge can be calculated2 ' tion of beam current is derived,2

and is found to be A -0.) am. Using Tas a fitting param- R _,(41
eter we obtain the curve shown in Fig. 3 for an effectiv"e beam
temperat Lire of 0.35 eV. This is to be compared to the act ual where ta is the convergence half angle and /3 is the beam

temperature ofO. II eV. The fact that this ettecti espread is brightness, defined in A cm sr '. C, is the spherical aber-

greater than the true thernal spread can be attributed to ration coefficient. Because of the intrinsical low energy

de'. iations from true Pierce geonetry caused bN a conbina- spread of the source. we can ignore chromatic aberrations. If

tion of design ( < l4C ) and machining ( <0.50) errors. we know the optical properties, of the lens column. we canThis guin has been used in stidies of composite thin-til then determine the brightness. In Fig. 5. experimentally de-
prodtction by ion bombardment.-" Results show the rela- termined values for beam radius versus beam current are

tionship betx+'cen steady-state surface concentration of Cs. shown for a beam energy off2.5 keV. The solid line is a plot of

incident energy, and substrate mass. Eq. (3) using the estimated \ alues:- ix -. 17 10 2 rad
and C, - 100 cm and using /3 as a fitting parameter. The
brightness value for a best fit is found to be 3 .- 1.0 A/

C. High-energy gun cm sr. We are currently developing a microprobe ion gun

For energies from 0.5 to 5 keV. the Pierce gun described using a version of this same source that \\ill hA\ e an estiniat-

in Sec. 1ib is mated to an optical column consisting of two ed brightness an order of niagnitude larger.

Einzel lenses of the three-tube type. This column is depicted This gun has been used for implantation studies, and for

schematically in Fig. 4. It consists of an initial aperture that negative secondary-ion mass spectromietrv (SIMS). hn-

is mounted at the Pierce gun focal priirt. This aperture is plantation studies were undertaken to provide evidence for a

then inmaged by a condenser lens to a point inside a drift tube, simple model developed for formation of composite thin

at the end of which is a beam-limiting aperture. The ions that films by ion bombardment.2 Calculated concentration pro-

pass this aperttire are then focused to the sample by al objec- files were found to match qualitatively the experimei,.al

tike lens and rastered by deflector plates mounted after the SIMS dend1 profiles. Negative SIMS studies indicate that

lens. Basic optics yields the imaging ratio2" (see Fig. 4): us'n ce- ,.tm as a pwimary bombarding ion enhances lie
yield of atoms and molecules w\ ith higeh electlon ....afln '

hI. /,l Fi6d. a /, h. h -I(3) In Fig. 6. tile ratio of 2"Si yield due to C, * ion bombard-
a a. /(c/b )ment to tile yield dutc to xenlon bombardment is sho\t as a

B\ changing tle strength of the condenser fl,, the " l !'trction of Cs " dosage. Xenon is used because its, i11iass is
point /), inside the drift tube is changed. Ifihis focal point is ssetialI tile same as that Of cesium: thus onl]\ the electro-

chemical differences \will affect the results. The data showN a
gradual increase as a function of dose. which is attributed to

PELLET - foi mation of a thii layer of cesi tim. as described in a previous

d paper." At steady state, tile yield levels off at a value 50
PIERCE GUN times greater than that due to xenon ornbardnient.

CONDENSER __a,

LENS 103--_

oosT
J_

DRIFT TUBE -II

C E
2

a 2 .. 1 0 a

L E 25 keV
OBJECTIVE

LENS L
d9. b 2d //" b2  1o' . . ........ .**..... . . ...

_t_ 10-8 10
-7

10 10
.5

SAMPLE CURRENT (amps)

791, e ic. ndrul [I,,l , kVo1. oill. C2.t e01 1 1oC sourels 7[911.113

l\\'l-h lf h, ri lIIl'll cItt h 'l cl. :\ll ..ld ]. t r11 I'm fl'tlP.| t ) ill ' 111t111'
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A new solid-state cesium ion source
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A noN el Cs ' ion source combining the advantages of porous metal ionizers %%,ith those of zeolite
emitters has been developed. Cesium ions are chemically stored in a cesium-mordenite solid
electrolyte (Cs-M SE) pellet whose emitting surface is coated with a porous tungsten thin film.
Cesium supply to the emitting surface is controlled by a voltage applied across the solid
electrolyte pellet. Cs " ion emission takes place on the surface of the porous tungsten electrode
by surface ionization. The ionic conductivity of Cs ' ion in the Cs-M SE is of order of 10
11 cm ' at 1000 'C. The interface properties between electrolyte and electrodes play a major
role in the cesium ion source. The cathode electrode interface (emitting electrode) determines
the stability of the supply current density to the emitting surface. The lifetime of the source is
found to depend on the anode interface. In a steady-state operation. an ion-emission current
density of the order of 20 mA/cm - has been extracted for 30 h at a total ion-emission current
of 100liA at 1000 'C. This corresponds to 10 C of extracted charge.

I. INTRODUCTION II. CESIUM-MORDENITE SOLID ELECTROLYTE
- (Cs-M SE)

Cesi um ions are widelh used ill secoldary ion Mass spec-

troscopy' (SIMS) in the production of ncegatie hydrogen A. Cesium mordenite (Cs-M)
ions b\ surface convers ion.- and in sources of cold elec- Cs-N is a synthetic zeolite of frnula Cs.OAl
trons. etc. There are tmvo basic types of Cs ion sources
presntl\ a\ailablc: porous metal ionizer." show\n in Fig. O z-10SiO , (Uit-cell formula is 4-CsI(AI()1)(SiO ) J

(a ). ri'd /eolite emit tcr.' h. I ( b ) . which has an aluminosilicate matrix \ith an interchange-
able cation. The st ruct ure of Cs-M consists of a sinele-laverRecentlv a novel solid source ofCs ions has beell de-

clocd n dus ahoato\. It ombnestil adanage of framework containing fi\-mcmnberd rings of the Al and Si\eloped in tis, laboratory. '" It combines the ad'.antages of

porous metal ionizers \wit'll those of zeolite emitters. A sche- tetraiedra. It has a two-diiensional channel system with

matic diagrani of tile cesium ion source is sho\ni in Fig.
Ic ). Cesium ions are chemically stored in a cylindrical pel-
let of cesituni-nordenite solid electrolyte (Cs-M SE). The Porous Tungsten Ionizer
pellet is operated at a temperature of about 1000 C. At this a i !,
tempcratuLre. Cs-N is a good ionic conductor for Cs " ions. A ;,CS Vapor
porous tungsten thin film (about I tim in thickness) is sput-
ter deposited on one circular face of the pellet while the an- /
ode is pro. ided ,%ith a thick platinum coating. Cesium ions
are driven to the porous electrode by the biasing current
across the electrolyte which is controlled by the biasing vol-
tage U,.. The cesium atoms diffuse through the porous tinig
sten elect rode to its surface where they are eniitted as ions or b,

neutrals depending on the \york function of the surface. The
emitted ions are accelerated by the \oltagc U, applied be-
mceli tile enlission surfacce anid the accelerator electrode. In
this , ,\. wa kc could achieve a high performance solid-state Cs-Mordenite
cesium ion sou rce \%hich has tile current density of a porous
metal ionizer and tihe siniplicitv of a ceolite emitter. In this Porous Tungsten Thin rim
paper ve present C\perimciltal studies of the Cs-NI SE and C, "M
porouls tuiigsten electrode system Thie thieirv of the: metal- *
solid clectroh e. interface has been published elswhere."

In tle first part of this paper. material aspects of the Cs-
NI SE such as structural and chenical properties and prep-
araticn ofthie pellet and ofthe electrodes %%ill be discussed. In-
the sccond part. the effects of the interface properties on the ua Ub
ion trainsport from the -icctrolyte to the em itter surface Nill I t( I Sclicniitc d, , 1111 't, nu \pcx' I lsci , C' MI tiI.
be presented. Finally. m-asurenients ofeesiuin anid i1cti w c, IITC. (' ')Ii cc. (C' r ii rcc. "i sitll% j

Irai eliion \1ill be discu lsed. ,I I I) md 11
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pore size about 6 A in diameter. This is known as the large- Inc.) has been used. To obtain a porous thin film, high pres-
port mordenite.' sure (about 30 mTorr) of argon gas has been used. The de-

position rate of the thin film is about 2 A/s at a target current
1. Ion exchange density of 0.5 A/cm2 . and a target voltage of 5WX V, Thle

TFie Cs-Ni powder is formed fromt Na-Ni powder thin film has a su~bmicron size of pores and pore density of

tX Naj{( AIO. )-(SiO ) .j) (large-port Na-Ni, Union Car- the order of 3 1 0' /cm 2 '. SFM pictures of thle porous tung-

bide. Inc. ) bN the ion-exchange miethod.' The sodium ca- sten thin-film elect rode are shown fin Fig. 2.

tiohI is eXChangeC for cesiumil inl a CsCI acid 5,01L0 ~l. 101 V The anode elect rode is prepared by applyng plat inutm

chattee is done h% thle bi 01oktin- itiethod: 31 'N N pox - paste ( Engelhard ). Thick platinumn paste is paited antd it is

der inl a 2 NM CsCI solution is hecated at about X() C t i crd t80 Cfr
niainen c stiirring for several daiys. The solution is filtered
Ii roughl a %aenm frit ( 5 prm ) and thle residual powdercl is C. Ionic conductivity

dtried inl a hot vaICuumll oven ( 200) C)
Inl Cs-Ni SF. Cs is the only mobile charue iov-iti

2. Phase transformation through thle nlegatkiv cl caraed matrix skeletonl b\ thec hop

The ion-exchanged Cs-Ni is inl an unstable phiase bth ping niechattism." Figure 3 sho\\ s thle temiperatuire depetid-

chenliCallv and structurally. Chemical analysis (Table 1)
shiows that lie ion-exehiangcd Cs-Ni contains more Cesi nin

hantt iie stuicIi iomiet ie ic astl weNll asI i-CSi dna i sod illurn -

1-t p-o\%Cider diffractionl ot the ioti-exchiattged J-oII der hoNxs
that it still has a Na-Ni structure. It has been found that the
'.trktctilral change to Cs-Nil occurs after iring tlie powder
aho~ c 10U50 C. Ater transformiat ion. Cs-NI is stable inl
,cical otIllpositiom tTable 1)

13v differenttial thermial antal~ sis (Ii) A). two cxotlier-
iltic react ions are obser~ ed at MO 50C arid 1 420 'C. Tile for-()
mier one is du t thet i phase t ranstfOriatIion (Nal- NI st rulctukre
to Cs-.Ni st ruct tre) and tlie latiler is due to Ols t ransfortia-
1lion (iliiig.

3. Pellet preparation
Fie ion-exehiaiged Cs-Ni powder is fired atl 105) C.Ji

The reer\ stalhized Cs-Ni is crushed and grouiid inl a high-
pulrity zi reotia ball mnill. The particle size of thle Cs-Ni pow%-
der is corntrolled by the grinding t iime in tile ball mill. After
grinditng. the powvder is (tried in a hot vacuum o~ en ( 200 *C)
and it is press formed in a hiardetied-steel cylindrical plutnger
(0.95 ciii iii diameter ) at at pressure of about 2WX atm. Thet:

cyvlindrieal pellet is sinitered al I135) 0'C for 3 h. The final X 5 W
density of the pellet depends onl thle particle size aiid also on 5,0
tlie siitcritig ltme anld tem lper*It tre. At a sinterinig ieripeiri-1 m

,'ar itn th ag o .)-2. / r presititered particle
si/es Itont 3 to' I pin. Theoretical density oh tlic Cs-N is 2.8~3 4I I h

B. Electrode preparation(b

I h cm t inc, ct hiode is tioide hN spiit tel depositi li of'

li_,tk:tei - On IiotI2mgiet roll 'putterCl SOurTce I VSliiitaid

A\I si lN (V AI .\ S1

1-1 .\,jjjjt:-j I 33I',4 4552 1 LOS 0 1

Irlicred 71 40i 7 41.2 0857 0i.14
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0 g= ep- G/kT 1. Current interruption method
In order to explore the interface pro perticN. the current

interruption method" is employed. using the circuit dia-

0 ,,grain gi en in Fig. 5. The cathode and the reference electrode
are electrically separated by a groove in the porous tUHlstleh

placed inside the cyindrical cai\ in the pellet. A constant
current source has been used. The interruption oft he current

0 Oo is controlled by a mercury relay " ith a response tie t ofle,
than 10 s. The potential of the cathode w% ith respect to tite
reference electrode is measured b an electrometer and the

.0 1.1 1.2 output signal from the electrometer is plotted ~it h a high-

1OS/ T i°K
-
' speed strip chart recorder.

The Current interruption method is a technique of con-
stant current interruption chronopotentiornetr.. A constant

current is applied between the anode and the cathode. [ Fig.
6(a) 1. Since the reference electrode is not affected by the

ence of the cesium ion conduction. The ionic conducti ity g biasing current, the dependence of the elect rochemical prop-
has an Arrhenius-tv pe dependence on the temperature: erties such as Current-overpotential characteristics and the

, exp -- (AG/ 1). The act ivation energy of ti Inic capacitances of the double layer could be obtained by inea-
conduction AG "is found to be 0.71 eV/ion. The effect of the suring the potential difference between the reference elec-
current on the conductivity is negligible in the currentl den- trode and the cathode electrode. The schematic diagram of
sitV range up to I mA/cm . A slight decrease ofconducti\ it\ potential transient by current interruption is showvn in Fig.
has been seen in the high-current range ( > I mA/cm ). 6(b). The abrupt drop of the potential is the potential drop

across the bulk of the electrolyte (i.e., ohmic). The transient
III. ION TRANSPORT ACROSS THE INTERFACE of the potential is the interface potential (i.e.. elect rochemi-
A. Interface process cal oxerpotential ). T\o different time constants of the itter-

.\ comprehensixc theor\ of the metal-SE interface has face potential decay have been obserxed. It is believed that

been presented elsewere. .. Dtribution of t, space this is the effect of the double layer (i.e.. inner layer and

charge and the potential across the interface are sho\n in diffusion layer) at the interface.

Figs. 4(a) and 4(b). The electrified interface (i.e., double
layer) consists of the inner layer and the diffusion layer. 2. Electrode reaction
Those layers are equivalent to a series connection of two There are charge-transfer reactions on both of the elec-
capacitors. trodes:

(anode) Cs-M= Cs+ M =Cs'+ ±M+e. (Ia)

o (cathode) Cs + e = Cs'. (lb)
la) Metal inner layer where '! is the matrix anion [(A10, (SiO ) .Electric

electrod field is applied between the anode and cathode electrodes.
/diffusion layer Cathode electrode is the emitting electrode in cesium source

arrangement as shown in Fig. 1 (c). On the anode, the matrix
D Solid X anions (,Vf ) are deionized and the electrons are transferred
electrolyte

\induced electron

surface charge

+ porous electeoae Cs KM SE
t-gsi-Deilet

lu 1110di
ib.

I t( 4 | IcIrnlictl Ili crfi c h %l\, , L 11 O t 1h10 31 IcA c r , Tl l . lh, '1141 clc0 ll0 - t t( 1 5 54 'tTI'T1 iIl l .LtIM O l;l4TI (It'I h ' co lICIIT 11 Ind ri lt T1C f,. neT' itil il T44 ,. -

klJ 1(~ lllll<l Ihafvv d11 111 ,1!1O 11 laI h o el 1111 11(Cft-h 1RI l 11Il I1itlN-I.Ol 11
indJ 1btio 1111I II'I'T 1,11. 11 I
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a) Icurrent. A tYPical limliting current density of thle order of I
mA/cm2 ' has heen observed at I lX VC.

'Tile capaCitanIceS Of thle double laver depend onl teml-
peratulre and Current densitx. The absolute ' alue of the Capa-
ettances of (lhe double laxer Could not he measureId h\ thie

- t ti ec urrenC t IIIterfrupt itoIIn lmehod. ho\% c\r. and thle dif~erence: of,
tietire capacitances bcLt\%CeII thle SteAx "tatC ( - (1) anld Ihe

equilibrium state (J 0)) could he obtalined. I heL t\ pical Ca-

ib, logy PaIcitanIeCS andIL tim IIICCons"ta ntIs(a lOt ( 00 ..1 5)) oIA.'i Im
areC I'ild to he oft h Ie ord-Ler of' m111illaad andI I orI ites t'Or tire
dillusiorila er CIarid ol i'reorder ofj a1,0\rrsotrrcrtrd
and second" Io;- thie irrrru Lr\Cu

C. Cesium diffusion through the porous tungsten

to timeelectrode
The Lie stead\ CnilSsionl LIITI in ren depeds on thle sea~d\

I 1 , 1 1 1 C I I l b MINi ~ i 1 1 ' i k i .11i I ICSI t ' , ( k i O ~ n Ii \l i S I ,I I k I N I L I I I I k I I 1 11A su p p l o l c ies i n t t h e s r l -a e O f t h rl re e l e c t r o de'

I(C) 1.thIe supIx otCS11 ceI 1 ri0\ iled b\ t ie brasrrig Cur-

rent inl tile Cectroite and Cesiurrr dIitLuSrori t irronrel ir h po-
rolls ItI trI rreI elct r-ode. JI he hraSrrr Lu rretCl cart he Clln-

anlode irretal elect rode as irndicated inl Fq. Ila). Cs, rorts are trolled Csterarali b\ tire biasirre \olaue. o, r arid tire
klt'%Cl totil C~II~C Md ICL~I~aI/C.I il ileCatodet'sill cesium iilu111siorr tirro11U'li thle porous I rrrgsteni elect rode: de-

l1(. I Ih ) lie rrutr'aiid ceSiIrII atoirilluseS tir011ron igt: peirds (rri onl tire Coicrtari zrdert: riiarrlb

p~ois WI iirrIIscr catlhode to itSsUaC uricexxhre tile\ cx aporatc contrIolledI exterrialix Aceordrrrew to tire thecoretrcal r-C'oilts ot"
acit her ions or- a tois, tie prexirus paper-. -righi eoCr-agC (about 0.4 at P00) Cr Irs

found oil the timrrgsterr sirface at tire iritei lace \01irri is tire

B. Cathode interface ilit 'r laxerin Ile 3a. kirirircx rieicelri r te

irnterfice auitoliraticalix enacelIIs t lLsile CCL ilihrsriirr
At tire cathode interface.,eiuml roirs are accumlated irroneirl porous tunse elc roile tesrrrrrrC (litl*iisriirr

a nha Liouiible kiaxr is hormired. t r Z1a1 ede cn - ep
through polmoli tilrresterr iras bcrreltrr ci tuiekl

tcirtiai Characteristics for tie Cathode bx, using cuirreirt-rnrtcr- Sic u rrtc satre rissrl re( stirrUCrOrr pore
rrrptiirr method are presentted iii Fig. 7. 1hr ordier to Compare Lrarti.i.2)roa piaxtni.rrcnrcectie

tireresults x, itir Ref. 10. ttie measured curirertic~eirsit\ is nor- ga iaeIrisot.lr ~iairro iesilL'diusoro

irali/cd t) [lie ecirhange Curreirt. oibtairned riumer1CIicali cesrutII tilrougir por-ous tirrrgstcrr is
Ref. 10. The exchrairge current Is onrlx a funciorn otteipeta- Io)
tire. A gonod agreement betwkeen theoretical curves and~ ev\ j q N qi'r 2zut 1 ~2)
peritnertal resulIts has beeni foundi. Tire Ii mlit in Ig Curreint Ldell- I \ "I., X

sit\x across thle interface is about the samne as, tilie exchianrge where q is, a chrare o' air electirrr. o is, tire irurirer of' tie

pores init unit area 0 2 8 - 10' cir '). is tire Cesiumi
flu\ per one pore. a is tiepore rahlius (a 0.051pini (i,, is, tire

r0o0 tnuimber of cesii per unrrit a rca iii a tilled nt iolax er ott
theoretical )tungstenmtgsei - 4 - 1' ciii '. I i tire diia'Liffusioin

800'C * experimental coeficicit 1'r Cesium oin I ungsteir ( 1) 1 .0 it)0 cii s at

- -."I i xeorienal IW 00 C). and 1) is tle coverage of cesiumi omr tuingstenr. As-

suinninig a line ar grad ieit IOf Cesi umn coxe rage thIirioughI tire
elect rode (i.e.. do Aix z / 1. 1 being thle thiickmness of tire

* ~emnitter elect rodle. I In ii arid /erur coverage ott tire emiitt ing
1. surface, a esu flux dni\Jcorresponrdinig to 150 niiA /

£ - - cni is ohtainied at 100) VC. "iTus Cesiuim diffusioni thbrough
the porous t ungstenr elect rode is irot thle limiiit ing f actor for

* the supply of cesiumn onto tile emnittiing surfaic.

D. Anode interface
0.r Oil the anode. the miatrix anions Of ) are deiomried

10 m03y0506 08 9 0 1 artd the electrons are tranrsferrehd to tire airode-riietal elee-
. I rode asseen in Eq. ( l) . Since tile mialrk anions are fi xed

FtG chw~i icrrrrt tartdierisi c Liyri are rhialic~tl litIinrr arid no electron conduct ion occurs iii Cs-NI SE. there is a
eakIIRdt 10 large electric field needed to pull the electroii% to the anode
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after one interface layer of anions is depleted. Figure 8 shows J Al L 17 1 Caitcul ion of critica I chargc for .anodC dCpkion

the %oltage needed to draw a conistant current measured as
f'unct ion of the amount of charge passed per unit area of q A 1,71 ,
anlode surface. The sharp increase of the iloltage after a criti- tplm I C 'Cmi) I) C) I C kcml

Cal amlount ochreQo Could he explained by the depletion S01 oW 0 20 1
otelectrons atl the interface lax er ot miatrix anions. The criti- it32 i 5i

Caluount (i hreQ,, depen~ds1 on ~hc effectIive area of thc 2 ',. 231) ,4 2)

Int erface. ac cording to (lie eq ua i n

Q,, i I.(3)
x~ erea i li chre desitv. istheaxrag iltertoiic measured bx at hot tungsten filament w\hich is heated to

1700£. At this temperature. all thle nleutrals, are ionized so
distaiicehettccn. aionlswhich is about 7 A. and the effectix e that tile neutral fluIX is, equal to the ion Current produced onl
arca is]A - kc.1 wA,(%here A is, a constant and I,, is at geomeit- thle hot filament.
rieal area). Fhe constant A depcnds on the porosit%, which inl
urn depends onl tilie parllticle si/c d,_ The1 pore o101 1le is

PrWPOI-i onal to d:, .t lits t lie Iincremental il factor of t lie dcec- B. Surface ionization
I]\ c are-a A is lincarls pr oportinal to d Lie.. A W d j . Onl thle emliftiCr surfa-11ce. CS' ion emission takes, place b
I lie loei of' (1 5.0) I10 cmn' has, been emnpirically oh)- surface ioniz.ation. The Surface jltlitationl process depend,,
tatned for lthe I -Pin paril e si/e. The aloes, of Q, for tlie 2- onl thle tempera)ture and w\ork function of thle emitter surface
miid 3-piti particle si/c calculated b% using Lq. ( 3 ) arc hio\% ii according'- to tile h-nirsur-fa'ce ionli/ationl equiationi
fin [able 11. T'le calculated aILues reasonabl aforce xx if I the
Cc peinital results in 8:i. KJ.,; 1 w . cxp[,(J F 6) /All- (4)

After depletion. the current depends eXponentiall %% where J1 and J are iicuti ral- and ionl-emlision Current deiisi-
h le applied potent ial xx hi cl could be explained b\ thle cdee- te.rsetxcv slesaitclxegtrtoo tm

1 ron tunneling current through thle depleted lae.Thus to ios .( > V)i h o i/a o oeitilo e
hie lifetime of Ihe Cesi uni-1 source is, limited by tilie anode de- si umn. aVi 1.6 is the orfnt ioizmtaln Peletia ode From

plet ion. Lifetinic ut the ordler of 11)Cof csiumr charge (cur- tsirlpe6 of n L /, ) a a tiiton of i tal Figtod. 10.oth

responding to 3W if of operation with 10 pA ) canl be easily iesoeo l JJ .a t ucino /~nFr.1.tl

obaiedb\usngabu i rv anode coatin area. effective workfutietion of thle emitting tungsteii surface is
obtaned ~ uing boutniecalculated and its va11L te is 4.2 eV,

IV. ION AND NEUTRAL EMISSION
A. Experimental arrangement C. Dependence of Cs' ion emission on cesium supply

I hie schcrniatic diagramn offi mheniasurenient of' ion atnd Ilii a stead\ -state operat ion, the ioii-eniission Current
lent ralcinisslon is sIio%\x il Fingi. ). Tes-Ipellet is heated density Must be equal to thle supply currt i densty. Thus thle

ito Itsipe,~ tempera t 1L Cn~,lure ( S ito 12'00 (' by aln allinlil Cs ion-emnission characteristics have to be Stutdied in eon-
Coated tungs"tenl fi lam icii. The planlar-diode-type arrange- *uctioiis\with the supply of cesiuni to the emnitter surface. Ii
mnl t hbeen] used for iou] extractlioll aind flie spacing be- our Cs 'ion source arrangement the Supply is limited by the
txxeeii emuitter and ext ractig mesh ( 145 145 tungsten limiting~ current denisitx' across the interface aiid the self-
mesh I1 is 0.2 ciii. A Faraday cuip is used to measurie tilie ioni conisistenlt t hernmal leakage f1luX across the interface. Ini order
Curreiit. Ili order to suippress secondiary electrons due to tile to see thle dependence of ion emission oti cesium supply. ion-
Cs ion bornbardmnrt of t lie cuip. aI reta rdinig field is applied einission cu rrenIt %% ats meaCIsured ats funfction of ext ract ion vol-
fi frnit ot the clip. tHils the ctirrenit to thie Faraday cup istage with and without Cesium supply by biasing current
solelx(ldue to thle ioii-enission current. Cesium iieutrals are across the electrolyte. Thle I- [characteristic of ion emission

is shown I in Fig. 11. 1In thle low-voltage range where a space-

hot Ca-M pellet

0 - f ~he ilament Faraday

04.
07

0 .1li . .,a Q-A - LIS V4acc, Vbiaaing

0001 001 0, 0o a ' 100

flit ~0 [t.l cll"J
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0.00i which is due to the self-consistent potential across the inter-

0/ face. With an additional supply of cesium by biasing current.
one can extend the space-charge-limited region in the low-
lenperat ure range.

The thermal leakage flux is also observed in neutral
emission. When there is no extraction field oil tile emitter

0010 , -/ surface, cesium is vaporized from the surface as neutral

eO 4.2 eV alons. The flux is equal to the supply of cesium to the emit-
Sc- surface ill a stead, state. Since there is iio ,upplN b% exter-
nal biasing current across the electrolyte. the neutral flux is

Just due to the thermal leakage flux. The dependence of the

0 10 , _ _.... thermal leakage flux on temperature is showvn in Fig. 12. The
080 01 0.90 maximum spacc-charge-limited ion emission flux wilhout1 00/T K -

supply by biasing current, shown in Fig. 11. is drawkn as a

I 1( I I liii p1CFiIMC ICpCrIdCIICC 0i ' t C'Mic 111 ;rid til I t cml,ir . dashed line iii Fig. 12. It is seen t hat both fluxes arc approxi-
mately the same. According to the potential diagram of the
interface. shown in Fig. 4(b). an electric field directed in the

charge-limited operation should be in ef'ct. cniission cur- Y direction is produced by the interfacial potential difference

rent density follows the Child-langnluir l%, AU., betweein the tungsten electrode surfae and Cs-M SE
surface. The electric field is extracting elect rons trom the Cs-

J k " 1, /d. (5) M SE surface. The electrons are then combined with the
adsorbed cesium ions on the inner layer. Tile neutralized

\whercA - 4.7 , 1) "V A cii for cCsiui. and d ( 0.2 C1n) cesium atoms diffuse out to the vacuum initerface oft he emit-
is thie spacing bet ween tle extraction icsh and tle emitter t ing elect rode. The flux of cesium is tie thermal leakage flux
sUrface. In the high-\oltage rainge. tle Cmission eurrent is, across tie iterface. Thus one can interpret the results in Fig.

limitid by tie supply of ccsiuin to tile emitter Surfacc. Tle 12 as tile electron emission characteristics, on the Cs-I SE
emission current,, haxe been extracted \ it hott hiasi ng ( i.e.. surface. The linear slope in Fig. 12 indicates that the extract-
open circuit bct\,cn anode and cathode of tile C-N-M SE ing tield (i.e.. potential difference across tile interface. AU

pellet ) . Fie cesiuiii supply wvithout biasiiiecouldhe - is dependent on temperature. The potential difference across
pliied b\ the thermal leakage flux acro, tile interface the interface, numerically obtained in Ref. 10. is almost coii-

stant in the temperature range 8(X)-IO(X) 'C.
iThere is one more piece of evidence that the thermal

0- - 1leakage flux is due to the electron emission froni the Cs-M
SE to the tungsten electrode surface. By observing the neu-
tral flux over a long time, the neutral flux is decaying slowly
with time. In the long run. the neutral flux goes to zero. The
total amount of emitted neutrals is about equal to I ML of

, ithe M matrix anions. This fact is not only proving the
mechanism of the thermal leakage flux but also provides a

1O- 4 -A' }method for exact control of the supply of cesium to the emit-
.biasing

,/a pelaIs171
slope=312

e neutral

5~ 1i 1

0 990 0
C E 101

C) 960"

A 940 X
0 910 _j tO

0 880 IL-

10 - 6
, L . . ..

too 1000 10'i ---14_ -. _. . -- 4-

0.80 0.85 0.90

Vextraction volts 1000/T ioo-o'r

I( 1, I r , ' of( 'N, iNll , 171- w ) I lil ll t \llihlll! h -I, 1 1( j 1 11,1II 'll fil \ and M h l S d0 2 10
t lit l~l i ti I Il'il (1t 11,1\ "llth ,i tippl\ 1,\ il, ihici tnadl tAk,ilvt, llii\
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ter surface. After depletion ot the electrons from the emitter 10Oi ___ ___

interface, there is no supplN of cesium bN the thermal leakage OtC-

flux. Thus the supply of cesium to the emitter surface is then "E 0 W CS-M
exactly controlled hy the external biasing current across thie 4eI

interface. Practicall\ the electron charge to bc depleted is of'
the order of 2 C/cm '. This chargze canl he extracted tin thle
rec erse bias mode (i.e.. positite potential oil the ernittn W

electrode and negati\e potential onl thle anode) inl abouti 3 0 o-

ma total biasingz cur rent of 2(0 1 A prior to uising thle tin W r

source. D
The suppIVly tcesium to the emiitter surface is no~excIln- Q 0-

siNxely controlled by the biasing current across the clectro- 2
lyte. However. the biasing current is limited by the ma xi-
mium electrode reaction current detisitv across the Interface. _l~ i\

From both theoretical and experiment results, thle limiting 9 Pt
current densitv across thle interlace is, of tile order of I YnA/ C

o)
cm' at 1(X)'C. In order to increase the enussion current
density to more than 10t) nAi'cm . we have mnodified the to----------

emitter conhenpration. A- thin diprgn ktl an aperttl it 10' 0)iT *K -
0.08 vin diam cot ers thle emitter surfaice. Thus, all cesi u ii
supplied to thle Centittitg electrode i,, delitered to this C1nn1- 1 6 ijtktj In iirei IekIi 0ii\ sohlii~m hu o 'eil R 6 kkVt
ling aperture hN surlbacc diffusion. The ratio ofili the tugstenI on't. J lippi lr'h 42. 1-' 1 ,

electrode area to thle area of emnitting aperture is, about 2(X)1.
Thuis the emnission current densit' ,, 2(W timek larozer than
thle snLpplV currenC~t kitensiti In this %%Ma\. on1V Canl obtin a high, A sohl-st ate C( * Toil icroptobe ( microni size beam
emission current denIS1ItN %% ile i iniiing thle ,Ilppl\ cur- .and hieb I-11 current 1 ,e t 10) miA!cm ) has been det eloped
rent across thle electrol e. h\ ulsing t Iil issor e cigi and operation of the microprobe

\ill he presiited Ti a fort heoming paper.
D. High Cs ion emission current density

Inl order to hateC a stCad\-st ate htigh-ClIllssiol currenlt
denlsitx . thle followr lu extraction arrangeement hasFbeen used:
an extraction elect rode tt ith aI single apertuire. 1.08 cm in,
diameter, is aligned wil i the emnitting, apertutre. The distance
betw~een the two apertures Is 0.05 cm. All the other experi- 'It-.\SIOill'.K 1:I Hrossn1. and J.D)Stetn.Aniat. Cluetai 49.202' t9)"7

mental arra-ri 'emen i arc the: samec as, iii FiL,. 9. J t I opeS.J.\(rr.adtStl.J Ap hxs 0 17 JI 951

Si ncouir source is asta.i-~ce ioniat lou source. thelma.\i- 'R L' Martitnelli.. Ar*pl Ph\. 45. It 53 t 1914 i.
(G, R. tire'.. t. ln l'ropuidlot i(Gordon antd Iireae I. N'.'. York. t1970)

iiiuni ioil-cmissioti current detnsity depends onl thle critical 'D. G. Wctkie. in N'cuuudwu flout Atuv, Speefrowopy Sl~I 'I edited b\s A
temperature oif the emitter. Thle critical cesium ion-emnission Ilenninguo\ eut i al. ISpringer. NeN\ York. P1,)). p 14o.t
current densitN has been mecasured hN Wilon . . for se\ era I ( Ihetm; iud R I Rca'. e. Re%, Sci tuusiruuItn. 39. 12310 t ~is
ietal iurfaccs. fIils resul ts are slio\% it in Fi g. 13 as solid linies. M Seid!. x F So'tins. W t Cirr. and( dI torn rt Puit 1shut t I Conference

on nt~t ea (ie uiir ,uu ApledSpetrsep~..\htsNo 743. At-
The poinits shots e xplei initntal results obtained willI our(tte(iiF
source for Porous platinumil and tunigsten emitter Coatingizs. '\I Seidl. I S I'.iicuui 47S3.54 I '1
Ehe Ic i glitk I sma 1r ,alics comipared ito Wilson'sdmma acm li e '5 Kim atnd \l scud I. ill So lid Stite Iotmes. xol I t, 35* '. atcriat' Re-

attribuhtted t o I t cpIkoro tI us srC.be of' thle etnit ter. lii a dc sad 1)et 1' pshIou Prc 05-~tus ed1 d (yN).RA t
stead\ -, tcoperation. til to 20) mA. cmi current dctisit".i a Kll). SI h" 'luugitteeuuuur, Pi'uIsue t)epamutnileimt stc
tenlipvratutle of I WOl) C has liceln extracted for 3(0 h at al total sClls tiisiiiuuu 01 1 ejmmt' tiobtku. \.I tI,)-

Ciirt it i f 1(1' * l t'l miliiiiitit ofextracted cesium \ i S ti ll,,e: 61, 1- 11)(

mn' ii iuspoius i Il (. V t 'I) and P It Ij i~cl~lilcl. inl .'ved /o i Ih. cdii )\ \s tt '.

V. SUMMARY t) m),\'ng.ii k ', K.I I tlicowAeui So, 121l. H4l'k
I lie n's' suuml '.,iie ( s usuiee ctitlpires Ia'.I OT1 ire.u I (lio I'l\, 42.071 tiin

I t iac'. trim \ t t \,.ci Pill [t'1) 38,.11),r)i j IlY'7 I

\%.ith t tiea-ou~rt sirV \\hl ieslse'l to lic Ttoll- 6 R iiG.' .I ,,.Iifttiiii'~,i u oldoui amid
etisult ltett(ei'i" iir ieiti.I hsteslipii\ i tl..t c.' L ii.pI

cmoiii. riic tolil attd 1li 1 ,1101 0111etttiail11 t thll /COlIteC-t\) I OAS tlt' 1i'. tl K ' '~md.td I < lion rV: i1 O'leliln.
Nc.' )lo 1 0'. ) \ i1. i 1,2 p

stuitreeC I trthcrniorc. it hlas thle tiliue Ciapatli l (11' I R (i t\ '.on.J '.pTI t'lh\ 37, 3 ),
cotrol ittcesium stipph\ to the emtitting electrode. 'R G Wut'.o. J \ppI Ilht\' 42.9t72 ( 165).
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Catalytic oxidation of silicon by cesium ion bombardment
A. E. Souzis, H. Huang, W. E. Carr, and M. Seidl
Physics/Engineering Physics Department, Stevens Institute of Technology, Hoboken, New Jersey 07030

(Received 8 January 1990: accepted for publication 6 August 1990)

Results for room-temperature oxidation of silicon using cesium ion bombardment and low
oxygen exposure are presented. Bombardment with cesium ions is shown to allow
oxidation at 0, pressures orders of magnitude smaller than with noble gas ion bombardment.
Oxide layers of up to 30 A in thickness are grown with beam energies ranging from 20-
2000 eV. 0, pressures from 10 4 to 10 6 Torr, and total 02 exposures of i00 to 104 L.
Results are shown to be consistent with models indicating that initial oxidation of silicon is
via dissociative chemisorption of 0,, and that the low work function of the cesium-
and oxygen-coated silicon plays the primary role in promoting the oxidation process.

I. INTRODUCTION previous arrangement. The sample is mounted on an xyz

Thermal oxidation of silicon typically requires heating manipulator with both azimuthal rotation and sample tilt.

to temperatures greater than 700 'C in 0, pressures as high also capable of electron-beam heating and liquid-

as 10 2 Torr with corresponding total oxygen exposures of nitrogen cooling of the sample. The system is equipped

10" L (I L- 10 i lorr s).' The ability to oxidize at low with a double pass. angularly resolved cylindrical mirror

temperature and low 02 exposure is of great interest since analyzer (CMA), with a coaxial electron gun for AES

the rate of thermal defect production and the diffusion of analysis, a low-energy electron gun for work-function

impurities are greatly reduced. One possibility is to use an (WF) shift measurements, a tunable light source and/or

adlayer of vapor-deposited alkali metal as a catalyst. This He-Ne laser ( 1.96 eV) for photoemission onset measure-

has been seen to enhance the oxidation rate at room tem- ments, an ultraviolet discharge lamp for UPS analysis, low-

perature by several orders of magnitude.2 The alkali metal (5-50 eV) and high- (100-5000 eV) energy cesium ion

can then be removed by a relatively moderate 600 'C rapid guns, and a noble gas ion gun. AES data are taken using

thermal anneal (RTA). Thus, both the temperature and minimal electron current ( 5 1iA) and analysis time

the exposure time are greatly reduced. Bombardment with ( --30 s). to eliminate any electron bombardment-induced

noble gas ions at keV energies has also been seen to in- changes in the oxide film. - UPS is performed using He I
crease the room-temperature oxidation rate.3 An advan- (hiv = 21.2 eV) and He II (hi, = 40.8 eV) discharges. He

tage of this method is that the oxide can be formed by II data allow us to examine the valence-band density of

direct pattern writing with the ion beam. However, the states (DOS) up to 20 eV below the Fermi level due to the

necessary 0, exposure is still quite high. We show that by lower secondary electron background in the region of in-

using cesium ions as the primary bombarding species, these terest. The He I discharge has a much higher intensity, and

two methods can be combined, thus enabling the direct hence a better signal-to-noise ratio. UPS is seen to be very

writing of SiO, at room tcmperature and low 0, exposure. surface sensitive, showing strong oxide features even when

In this work we present a study of SiO, formation oni very little is detectable with the AES. UPS spectra are

Si( IX)) using Auger electron spectroscopy (AES). ultra- taken in the constant resolution mode of the CMA. at a

violet photoelectron spectroscopy (UPS), and work- pass energy of 25 eV, which corresponds to an energy res-

function shift measurements. Oxide formation due to ce- olution of 0.2 eV. Chamber pressures during the UPS anal-

sium ion bombardment is compared to that due to xenon ysis were - i , 10 ' Torr for He I. and - 3 x 10 " Torr

and argon bombardment. Xenon is used because its mass is for He II. We found the He gas to have no detectable

essentially equal to that of cesium, thus the only changes effects on the results at these pressures. The cesium guns

will be due to electrochemical differences. Data are pre- are of our own design. use solid electrolyte sources, and are

sented as a function of incident ion energy and mass. target described in detail elsewhere." Operation of these cesium

temperature, and ion-to-0, flux ratio. Oxide layers up to 30 ion guns does not result in a pressure rise above

A in thickness have been grown with beam energies rang- - 2.5 - 10 I Torr. The noble gas ion gun is of the elec-

ing from 20-2(XX) eV, and O pressures from 10 to 10 tron ionization type and is differentially pumped. It has

Torr. Total oxygen exposures of 1)" to 104 i. ha\e been separate bakeable UHV leak valves for the introduction of

used. research purity xenon and argon. Chamber pressure wvhile
the gun is operating is -4 1 10 " Torr. Work-function

II. EXPERIMENTAL DETAILS shifts are measured using the retarding field diode
method, and the absolute work function is found by using

These experiments are performed in a U HV chamber photoemission onset data to determine a calibration point.
with a base pressure ot" 4 - 10 '' Torr. [hi's system has The Si sample is n-type (100). 5-) 11 cm. and is cut
been described in a prc\iots paper." but the main details from a commercial wafer. It is chemically etched before
will be repeated here. including any varlations from the insertion into %acuum and is subsequently cleaned by split-
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ter bombardment with the cesium ion gun, typically I ttA 35

at 500 eV, and annealing at 800 C. This procedure results
in an oxide- and contaminant-free surface as determined by 30 0 500 eV

AES. Research purity 02 gas is admitted through a bake- *- 25 a 2000 eV

able UHV leak valve. The oxidation is accomplished by 03 0

exposing the sample to an ion beam rastered across its z
surface, while at the same time exposing it to a flux of 0 15

oxygen. After exposure, the target is heated to 600 'C for
10 min to remove the bombarding species, resulting in a . 10
clean SiO, layer. This is verified by using AES and UPS. 0

The SiO, thickness is estimated by monitoring the attenu-
ation of the AES Si (92 eV) signal through the oxide over- 0
layer. It is calculated using the equation 0.1 1.0 10.0 100.0 1000.0

OXYGEN TO XENON FLUX RATIO
Is,=ls,(0)exp( -d/A), (I)

where I, and Is(0) are the coated and clean AES peak FIG. I. SiO, thickness as a function of the oxygen-to-xenon-ion-flux ratio.
heights of the Si (92 eV) signal, A is the mean free path of The line is drawn merely to guide the eye.

the 92-eV electrons in SiO,, and d is the oxide thickness. A
value of 6.5 A is used for A. which includes a geometrical
factor to account for the analyzer.' The noise level in the
AES signal limits the data taken with this method to a taken under identical conditions for argon bombardment.

thickness of - 32 A. This is sufficient for our results, as all Except for a slight change in the onset to a value of around

our data are within this limit. The SiO 2 thickness is also 5, the 500-eV results are seen to be almost identical to the

reflected qualitatively by the size of the shoulder in the He xenon data. The 1000- and 2000-eV results are significantly
I spectra at a binding energy of - 3 eV. This shoulder is different. The onset of oxide formation does not change,

due to photoemission from elementary Si under the oxide but the rate of increase of the oxide thickness as a function

film. Data collection and experimental control are accom- of the oxygen-to-ion-flux ratio decreases as the bombarding

plished using an AT&T microcomputer (IBFM-AT com- energy increases. This results in the formation of thinner

patible), which is equipped with an A to 0 jnvcrtcr, and oxides for a given flux ratio.

an IEEE 488 bus controller. All of tlo; c, perimental con- AES data taken before heating for both xenon and

trol software is developed in hous argon bombardment, at all energies and pressures, show
spectra characteristic of clean SiO 2, with its major peak at

III. RESULTS -77 eV.8 Only trace ( < .04 Ioxide) amounts of noble gas
are detectable. After heating, no noble gas can be detected

A. Noble gas ion bombardment with AES, while the oxide spectra remain unchanged. UPS
data confirm this result. The initial spectra show peaks at

Data are taken of oxide thickness versus oxygen-to- - 8.0, - 12.0. and - 14.7 eV, which remain unchanged
incident-ion-flux ratio for both xenon and argon bombard- upon heating. These peak positions and shapes are in ex-
ment. For an iun current density of I ItA/cm2 a flux ratio cellent agreement with previously published data for clean
of 10 corresponds to an oxygen pressure in the chamber of SiO,."
8.6X 10 ' Torr. For a fixed flux ratio, oxide thickness
increases with exposure until a steady state is reached. An
exposure time of I h at this incident ion flux is found to be
sufficient to reach steady-state thickness. Any increase in
this exposure time results in negligible changes in oxide
thickness. The time necessary to reach steady state is found 30 0 500 eV

to be directly proportional to the ion flux, or putting it25 o 1000 ev
another way, equilibrium is established only after a fixed A 2000 eV 0

dose of bombarding ions has been reached. This fixed dose W-' 20

is approximately 2 x 101' ions/cm- s. The thickness underz
Q)

steady-state conditions, at a fixed energy, is seen to depend 15

only on the ratio of oxygen to incident ion flux. 10
In Fig. I we show oxide thickness versus flux ratio for ih

xenon ion bombardment, with ion energy as a parameter. 5
For xenon, there is an oxidation onset at a ratio of about 8.
after which the oxide thickness increases rapidly to around 0. 1.0 10.0 100.0 1000.0
25-30 A. At this point, the growth rate of oxide as a func- OXYGEN TO ARGON FLUX RATIO
tion of flux ratio slows dramatically. There is no significant
difference in the results when bombarding with 500 or FIG. 2. S), thickness ais a function o the oxygtn-to-argon-ion-flux ratio.

2000-eV ions. On the other hand. in Fig. 2 we show data The lines are drawn merclk to guide the cc.
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FIG. 3. SiO, thickness as a function of the oxygen-to-cesium-ion-flux
rati. Te lnesaredraTimcrl) o gidetheeN e.FIG. 4. SiO, thickness as a function of oxygen pressure. for I-h exposures,ratio. The lines are drawn merely to guide the eve.

at 20 eV cesium ion energy and I IiA/cm cesium flux. The line is drawn
merely io guide the eye.

B. Cesium ion bombardment
As with the noble gas ion bombardment, AES data at

In Fig. 3 we again show oxide thickness as a function A ihtenbegsinbmadet E aaa
ofInig. 3 rwe agaishowoxde thiimefcesiasaifunt 500 and 2000 eV, taken before heating, show spectra which

of oxygen-to-ion-flux ratio, this time for cesium ion born-

bardment. In this case, for runs of 500 or 2000 eV, the indicate that an SiO, coating is present. In this case how-

thickness ( - 30 A) at which the rate slows does not vary. ever, heating makes a significant difference in the spectra.

There is a difference however, in the value of the flux ratio The oxide peak height before heating is -0.47 times the

at the onset. The higher-energy bombardment causes a peak height after heating. This is consistent with a picture
of an SiO, film covered with a submonolayer coating of

shift in the overall curve to higher flux ratios. The oxida- o a

tion onset occurs at approximately 0.2 for 500 eV and 0.7 cesum and oxygen. The peak height is smaller due to at-

for 2000 eV. These ratios are more than I order of magni- tenuation through this top layer. Before heating there is a

tude smaller than the corresponding onsets for xenon and large ( - 3 times oxide) cesium peak at 47 eV. After heat-

argon. At an incident ion flux of I / cm 2, a ratio of 0.2 ing, this peak is gone. This result is supported by UPS

corresponds to an oxygen pressure of approximately spectra, where at both 500 and 2000 eV, evidence is seen

2x 10 "to. Data taken at 300 eV are consistent w'ith for a SiO, film underneath an oxygen and cesium coating.

this trend, indicating that the onset shifts to smaller ratios The complete UPS spectra have a complicated dependence

as the energy decreases. As with noble gas ion bombard- on experimental conditions, and will be shown and re-
viewed in detail at the end of this section.

ment. the steady-state thickness is found to depend only on

the ion-to-oxygen-flux ratio, and is established only after
the same total dose of - 2 . 101"' ions/cm 2 is reached. Data
are also taken at 2000 eV for sample temperatures of 200 Data are taken for 20 eV cesium ion bombardment
and 300 'C. They show similar oxidation curves, except with concurrent exposure to oxygen. As opposed to the
that they are shifted towards far higher flux ratios. At a previous sections, in this case there is no intermediate
sample temperature of 200 'C. the onset occurs at a flux steady-state oxide thickness. The oxide grows continuously
ratio of - 20, and for 300 'C it occurs at - 50. with exposure at a fast rate until it reaches a thickness of

In a previous paper we have discussed the formation of around 30 A. At this point, the rate slows as seen in the
a steady-state coverage of cesium under ion bombard- previous data. This effect is present even at the lowest O,
ment.' Data for cesium bombardment alone indicate that pressures used, which in this case was I x 10 " Torr. At
the steady-state cesium coverage is -0.5 monolayers an 0 pressure of I x 10 ' Torr. and 1 pA/cm2 incident
(ML) at 500 eV. and - 0.35 ML at 2000 eV. Monolayer ion flux, a I-h exposure time is sufficient to grow a 30-A
coverage is defined here as a surface density of 6.78 > 1014 oxide film. At I - 10 " Torrn a I-h run grows a 7-A film.
atoms/cm, . Data taken for substrate temperatures ranging However, by performing successive runs, the oxide film
from - I00 to 300'C show that for 2000 eV bombard- becomes thicker, and steady state can be reached. After
ment, the steady-state cesium coverage is independent of five successive 1-h runs at I >. 10 " Torr the oxide thick-
temperature. These coverages are estimated from work- ness is 25 A. In Fig. 4 we show the oxide thickness as a
function shift measurements, and from previously pub- function of oxygen pressure for 1-h exposure times at a
lished data relating the coverage of cesium on a silicon cesium flux of I pA/cm'.
surface to the ratio between the 47-eV cesium, and the If the target is exposed to oxygen after dosing with
92-eV silicon AES signals.'' It should be noted that these cesium, instead of simultaneously, the thickness of the ox-
ac,:irlpoitc coerages due to ion bombardment, not pure ide is significantly smaller. For example, an oxide film
coxerages as t.pically achieved by vapor deposition. grown with a total cesium dose of 3 - 101" ions/cm fol-
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lowed by an 0, exposure of 18 L (5X 10 - T for I h) has
a thickness of 6.6 A. A run performed under essentially the si(00).'= 40.8ev

same conditions, but dosing the sample simultaneously re-
suits in an oxide thickness of 22.5 A (see Fig. 4). Previ- V) .""

ously published work-function data taken on samples C --.-_..

dosed sequentially show that for cesium coverages greater "
than -0.5 ML, the work function as a function of oxygen "
exposure decreases, passes through a minimum, and then "" (c)
increases to a value larger than that before oxygen expo- .
sure.4 AES data taken on a cesiated target both before and . .- (a)
after an oxygen exposure sufficient to reach the minimum "z
work function show an - 50% increase in the height of the '"
47-eV cesium peak, with no corresponding increase in the .

563- and 575-eV cesium peaks. This is consistent with 0 (e)

work done by other authors,"- 12 indicating that the oxygen
adsorbs beneath the cesium, close to the silicon surface.
The increase in the low-energy cesium peak is due to an ..... ()
increase in reflection from the electronegative oxygen layer -20 -15 -10 -5 0 5

beneath the cesium. The higher-energy cesium electrons E - FF (eV)
are not affected, as their mean free path is significantly
larger.

AES data taken before and after heating show a FIG, 5. UPS spectra taken before heating for various cesium energies and

marked difference. Before heating we see a large peak at 47 oxygen pressures. These are as follows: (a) 20 eV and 5 . 10 " Torr. (b)
eV corresponding to cesium. The silicon spectra look very 20 eV and 5",\ 10 ' Torr. (c) 20 eV and 2 :, 10 ' Torr. (d) 2000 eV and

different. There is a very small SiO, peak at 77 eV, a small 5 1 10 ' Torr. and (e) 500 eV and 5,- 10 ' Torr. E is the Fermi-lesel

Si peak at 92 eV, and much larger ( -20 times SiO,) peaks energy, arid the y-axis scale is the same for all cures.

at 59 and 63 eV. The AES fine-structure spectra is known
to be sensitive to the chemical environment of the silicon

oxid spcie. 1 After heating, the cesium peak has disap- process 02 -. 0, + e .15 In fact, for this process there is a
oxide species. Afive peak multisplit. This fifth peak, in our spectra, is over-
peared, and the characteristic SiO, spectra has returned. lapped by the Cs 5p peak at - 11.3 eV. This process indi-
with a large peak at 77 eV, and slightly smaller (-0.5 cates the existence of CsO,.' 7 Again no'SiO evidence is

times SiO) peaks at 59 and 63 eV. We interpret these Aievnseen.
results to indicate that before heating, the silicon is in a Figure 5(c): This represents 20 eV bombardment at an
different oxidation state. UPS spectra are also consistent 0, pressure of 2 X 10 - Torr. This spectra shows charac-
with this result. As opposed to the higher energy bombard- teristics somewhere between those of curves (a) and (b).
ment, no evidence is seen for an SiO, layer beneath the This indicates that both Cs2O, and CsO, are present.
oxygen and cesium overlayer. This interpretation is consis- Figure 5(d): This curve was taken for 2000 eV cesium
tent with previously published core-level photoemission bombardment at an 02 pressure of 5 x 10 -' Torr. The two
spectroscopy data where it is claimed that for vapor dep- peaks at - 6.4 and - 8.0 eV are due to an overlap of the
osition of cesium and oxygen, several oxide states exist,. and 02 2p peaks and the first SiO2 peak. The 0 2  peaks
that the SiO, state does not form until after heating. 1  indicate the presence at the surface of a cesium oxide such

D. UPS data as Cs,0.15 The SiO, peak indicates that the oxide has al-
ready formed beneath the cesium oxide overlayer, in agree-

In Fig. 5, we show five different UPS He 11 spectra ment with AES results.
taken at various oxygen pressures and cesium energies after Figure 5(e): This curve is for 500 eV bombardment at
a I-h exposure, but before heating to remove the cesium. an 02 pressure of 5 X 10 ' Torr. This spectra shows evi-
The curves are labeled (a)-(e) on the figure. They indicate dence of a mixture of the oxygen states mentioned above.
the presence of an overlayer consisting of a mixture of The shoulder at - 8.0 eV is evidence for the existence of
cesium oxide species. Some spectra imply a predominance SiO, as in curve (d). Under these conditions, we conclude
of one species or another, and this is so indicated in the that all of the species mentioned above are present in some
following description, amount.

Figure 5(a): This data represents 20 eV bombardment In Fig. 6. we show UPS He It spectra recorded during
at an 0, pressure of 5- 10 " Torr. The three peaks at a complete heating cycle. The sample was bombarded at 20

3.0. - 5.7, and - 7.7 eV belong to the cV. with an 0 pressure of 5 : 10 Q Torr for I h. Each
o2 -o., + e process. This implies the presence of curve corresponds to 5 min of heating at the specified tem-
Cs,(,. " No evidence is seen of Sift. perature followed by cooling to room temperature to take

Figure 5(b): This curve is for 20 cV bombardment at the measurement. The data show large changes from room
an 0, pressure of 5, It0 T -orr. The four peaks that are at temperature up to 500 'C. From 500 to 600 °C there is a

2.4. 5.0, O.Q. and - 8.9 eV are assigned to the shift of 0.8 eV in the curve, without significant shape
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viously published data indicate that the work function of
". 0thin SiO, films is between 0.5 and 0.75 eV below that of

.- clean Si( 100).18 Using a value of 4.8 eV for clean Si( 100),
. .. indicates that these cesiated and oxygenated surfaces have
C work functions < 1.3 eV. This is in agreement with our own

. 600C previous work,4 and with that of other authors, who mea-

_ .sured similar low work functions for the various cesium
-. 50 0 'C oxides.

" 400*C IV. DISCUSSION

"---- The process of silicon oxidation can be described in 3--- 300"C

... . basic steps: (i) sticking and dissociation of the O, mole-
O --'- cule; (ii) Diffusion of the oxygen to the Si-SiO, interface;

and (iii) oxidation reaction. Recent work, both theoretical

3c and experimental, indicates that the initial oxidation ofsilicon is via dissociative chemisorption of oxygen.- 2 It is

-20 -15 -10 -5 0 5 also though that this dissociation of 0, is the initial rate-
limiting step for oxidation.-2 1 Our data are consistent with

E - EF (eV) this interpretation.

Ion bombardment of silicon targets in the presence of

FI(G 6. LUS spectra for a urface initiall, exposed for I h to 20 eV cesium gaseous oxygen creates surface damage and enhanced sur-
Ior bombardment Aith an oxgen pressure of 5 - 10 " lTorr and then face reactivity, which leads to enhanced near-surface ( - 5
heated III ,stgeN t) form SO, A) oxygen concentrations.' As the surface concentration

increases, the overall concentration level as a function of

change. Further heating to 700 'C (not shown) results in depth will increase due to diffusion, all other conditions
no change in the curve. What we see is a gradual evolution remaining equal. In addition, defect sites have been seen to

[as cserve as nucleation centers for SiO, formation.2 4 These ef-
from a room-temperature spectrum indicating Cs,O[ fects serve to increase the rate of all the steps outlined
showt in curve c in Fig. 5] with eo SiO, evident, to a above. In addition to these effects, there is also sputter3(X)°C curve indicating Cs,O [as shown in curve (a) in
fig cur ]withd-ifatueiing t[asshon make themve s removal of target material. Oxide growth will taken place

SiO f when the growth rate of the oxide exceeds the removal
evident. Finally, at 600 C we have a clean SiO, spectrum. rate.
The thickness of this oxide is -22 A. With the above in mind, we consider noble gas ion

In Fig. 7. the low-energy secondary electron cutoff bombardment. In Figs. I and 2 the important difference is
generated by He I is shown. These data were taken during that for xenon bombardment, the oxidation is independent
the same heating cycle as above. The shift in the cutoff of energy for the range examined. This is not true for argon
reflects the work-function change of the sample surface. bombardment. For argon bombardment, the onset remains
For this run, the total shift is 3 eV. This represents an constant, but the slope of the curve becomes smaller as theincrease, bit the workefunctioncufrombaclowsvalueldueatota
incesiated and oxygenated surface to that of clean SiO. Pre- energy increases. In other works, at a fixed flux ratio the

t- oxide thickness decreases as the energy increases. The
500-eV argon curve is almost identical to the xenon curves.
We have interpreted these results as follows. The enhanced

hp= 21.2 eV surface reactivity and number of defect sites created are
30- related to each other and are proportional to the amount of

energy deposited per unit volume, close to the surface of
the sample. Xenon, with a mass greater than 3 times that of
argon, does not penetrate as far into the target at a gi\ei

tenergy. LSS calculations indicate that for energies tIp to
200M eV. the implantation depth of xenon ions is less than
or equal to 30 A. This is equal to or greater than the
maximum oxide thickness formed in our experiments. Ar-

stOoo) gon. on the other hand has an implantation depth greater
than 30 A at energies of 100M eV and higher. Tlius for

0 1 2 3 4 5 6 7 xenon bombardment all the energy is deposited \ith in the
oxide film. while for argon bombardment at 10(X) eV and

PHOTOELECTRON KINETIC ENERGY (eV) higher, some fraction of tile energy is deposited outside tte

fI; i o e c*er , a vcorndirv c cutoff for a siurfr:x inalcc c-i region of oxidation. This explains the slower rate of oxide
posed 11fr I h to 20 cV ce I on homhardrment iih il xt n prc,,iurc growth for argon at high energy. Tle question no\ arises
o, f 10 ' Forr and then heated III Iwaes to form Si). as to wh\ the xenon bombardment cur'e is energy inde-
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pendent. We belie%e that alter a certain ion dose, the dan- is 0. MIL, and for 2(XX) eV. it is 0.35 ML. Thus the shift in
age created lose o t ile surface sat urates. *ihe total dose of the oxidation cure is completely consistent with this ex-

2 , 10" ions/er 2 agrees well witi our preI ous paper, In planation. At higher incident ion energy the cesium cover-
w.vhich we found that tile composite surface co'erage aLe i, lower, hence tile work-function shift and promoter
reached steady state after a similar dose, basicallo indepen- etl'ect are smaller, and a greater llux of oxygen is required
Cent of ene.gy."' It is also consistent with data published to oxidize the sample. The increase in the flux of oxygen

on damage produced by ion bombardment of silicon,)' needed to maintain an SiO, film, as a function of sample
',Mhere computer calculations and experimental data indi- temperature, is attributed to a reduction in the sticking
cate that bonbardmnent-induced damage saturates at a to- coefficient for oxx'gel on silicon, between room tempera-
tal dose of 3 I 0 ions/emat . ture and 3(X) C.I It is not due to an, variation in the

For cesium ion bombardment. in Fig. 3 we have cur\ es cesium coverage, as AES data discussed previously have
hich art: essentialh' similar to tile Inble gas curves except shown that the coverage remains constant throughout this

that he oxide growth onset is shifted more than an order of temperature range. In addition, if this effect were due to a
magnitude to\ards lower oxxgen flux. This indicates that reduction in the cesium coverage, the oxide formed would
in addition to, enhancing the oxidation by ion bombard- be identical to the xenon bombardment, since at these lowv
Ient. the cesium has a catalytic effect of its own which temperatures the bombardment-induced damage is not

increases the oxidation rate dramatically. This is in agree- greatly affected. In fact. significantly more oxxgen is re-
ment w.ith previous papers which saw a catalytic effect \.ith quired at these temperatures than for the room-
cesium vapor deposition . 11,14 There are se\eral factors temperature xenon bombardment.
which affect this catal tic promotion One factor is that the For 20 eV ion bombardment, there is no

presence o tcesiuni at a silicon surfice increases dramati- botnbardment-iiduced oxidation. The only effect taking
call the sticking coeflicient of oxxgen." leading to greater place here is the ox.Jation catalysis due to the presence of

Oxygenl '.urface Concentrations than can be obtained with- cesium. Even though there is no bombardment-induced
out CCSiumII. . discr-I previously, an increased surface enhancement, under identical exposure times the flux of
conceltration increases the overall diffusion protile. The oxygen needed to form an oxide coating is reduced b\
other prinmar. factor in this oxidation promotion is the about all order of magnitude from that with 500 eV cesium
rcd uaed work funCtion! of the sample which occurs upon bombardment. In addition, since there is no sputtering
cCsiitim and oxygen coating. Recent experimental"' and there is no onset as d,.fined for bombardment. The amount
licoretical" ' works ha,C indicated that the effCcl ol the low of oxide is determined by the time of exposure. all other

work function i, to Lreatl. enhance tile rate )f di.,sociation conditions being equal. For our data, as in Fig. 4, we used
of the (), molecule on lie silicon surface. Theory indicates I-h exposure times to remain consistent with the bombard-
that the mcchanism for tii effeci is charge transfer from meit data. This increase in the catalytic effect is attributed
the lo\,,-work-function surface to the approaching 0, mol- to the larger coverage of cesium possible at these reduced
ecule. ThiS Icadls to in enhanced probability of finding tile energies. In addition, previously published work has shovn
molecule in aln excited 0' state. hich is strongly disso- that oti silicon, the presence of cesium increases the stick-
ciati' c. In Fig. 3. the effect of importance to note is that the ing coefficient and maximum amount of oxygen that can be
data depend on energy, but riot ii the same way as the deposited. and that the presence of oxygen increases the
argon data ITi this case the slope of tihe curve remains the saturation coverage of cesiim. Thus there is a synergistic
Same. but tile onset shifts to. ighir oxygen ratios as tile effect which also explains v.-hy doing tile exposures coicur-

,ncrg_, i ncreaSes. tie fact that the slope remains tie same rentlv rather than sequentially gives much thicker SiO
is consistent \\fill our interpreation of tile noble gas data. coatings. UPS shows that for low O pressure. the primary
Sice cCsiuml has essentally lie same mass as xenon. and species is CsO,, while at higher pressures, such as
\%ould Ihu's CauL'e similar damage iue to boiiihardnient1. 5 - It) Tor, there is more CsO,. Clearl.'. tor the same
lhe shift in the onset to higher ox.gcn flux for higher surt'ace coverace of cesium., CsO, provides more oxygen for

cnerg\ i,, attiltbutCd to a ecI',eCraCe efteclt. In our prcvious tile oxide ftirination process than does CsO,.
\Work, ' \c demonstrated ho\', tile equilibrium co,,Crage The fact that, under all experimental cnditions, the

lepcids on a coMbiMatJoii of factors. in) t1i.s case th rile- o.ide prowtlh rate decreases dranaticall] as the film thick-
,ll one beiug the imncident mon cncrgv. ( illher cxperimental ness approaches 30 A is al:,ibuted to a reduction of'oxxgeii

\,oik has indicatld tha tile catalitic effect of ccsiun co\- reacfhing the interface region due to the existing oxide act-
ciage gro\ s 'lo\ lk Io\% lo\ coverages. %ith sl rong enhance- ing as a diffusion barrier. Other authors ha\e oxidized sil-

mneit taking place for cocragceS 0.5 \.'- ()ur pr\ otis icon at room tcmperaturc \vfilh a 5-eV () beam. Tlhev
\',vik slhmed that for cSiIInl coCIages' of tt.25 NII. and claimln a maximui thickneSs of - 17 A for both the 0
higher lihe \\01rk tinmCtioim is olllIe thall 2 cV below the beall case and a coating gro\l by steam oxidation,. also at
clain 'alhie. \\ill h e niimliuin oCcurring at t).5 %11l 4 in reoni 1cnlpcratiurC. lhcir explanation also altribuies thi,,

idditon. !fr co era ies.,, hier tmi Thai)5 NIL. The addition of gro tlh linlialito to diflision lhrouh the oside livcr. The
o\%Lcn resultcd iiil a cl cni larg'i: Shtift. \flli ali absolhte discrcpanC ii tihickncesc , , is most likcl. duc to tihe tact
,o-k-iitmoi uimiiiiuini of t)i c', + occurimg for ,,\ gcn that diffcreni mcllods arc iiCd i) their detlerninationl.

a;Il,,rpiiou ,u i ":niplc coted \\ilh l tt NI ofCCiuI. We ()ihc published ',,o\rk has in'estigaled ao\t%-temiperalure

l1;1\ dcm mlIiinincd I ui ! cs. 4t;m s(i \ .', -ate C'n 'cr iiiicio'0\%A c p liSli Ilidlimim li this paper lhe autlhors



extrapolate their data to zero substrate bias, which in es- running are greatly appreciated. This work was supported
sence leaves only diffusion as the transport mechanism. At by the Air Force Office of Scientific Research.
zero bias they quote a value of 30 X for their oxide thick-
ness. This is in complete agreement with our data.
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rose.. Electron transfer and the production of negative hydrogen ions in the reflection of hydrogen

ty in atoms from a metal surface is studied theoretically. Starting from the total Hamiltonian of the
c; efs. metal-atom system, the time development of the one-electron density matrix is determined. This
icals, is shown to be related to the time-dependent coupling of the affinity level of the moving atom with

duced the metal states. In the limit of weak coupling, the occupation probability of the affinity level can

I. The be obtained in a closed form. This theory is applied to the problem of negative hydrogen ion
rig be. production at a W( 110) surface, both with and without Cs coverage, and the results are compared
53.ntd with available experimental data and predictions of existing theories.
ion Of
sis in.
of tu.

L INTRODUCTION electron density matrix under the action of the time-depen-
The problem of charge transfer during the reflection of a dent Hamiltonian evolves in time according to the quantum

Foun. hydrogen atom (or H + ion) from a metal surface is of funda- Liouville equation, whose solution involves the coupling ma-

'Jonh. mental interest both from a theoretical point of view, and for trix elements between the affinity level of the moving atom

DMR. practical applications. In the former case, it belongs to the with the metal states, which are first explicitly expressed in

-%or P. general class of problems involving interactions between terms of the potential functions of the ion, the metal, and the

infor. charged particles and metal surfaces, and the attendant interaction between them. These coupling matrix elements
charge and/or energy transfer. A sound theoretical under- are then converted to integrals involving the surface density
standing of such processes has diverse implications in a wide of states. To facilitate the solution of the Liouville equation a
range of surface physics and chemistry problems such as nonlocal self-energy is introduced, whose real and imaginary
sputtering, chemisorption, and catalysis. On the other hand, parts give the time-dependent broadening and shift of the
the practical impetus for developing simple and reliable sur- atomic affinity level. In the limit of weak coupling (local

:, 1 face H - ion sources has been provided by the need of such interaction) the occupation probability is obtained in closed
sources in fusion plasma experiments for plasma heating, form. It is argued that for low incident energies, the velocity

and J.. diagnostics, and acceleration. The conversion of neutral of the ion must be determined through considerations of
thermal hydrogen beam or proton beam to negative hydro- conservation of energy, and the usual constant velocity ap-

ed by D. gen ions by a low work function surface has therefore at- proximation is not valid. The present treatment differs from
tracted much attention over the past decade.' -t Primary the usual approach in another important aspect: instead of
beams of various energies have been used, and a host of con- starting with the Newns-Anderson Hamiltonian with its

:, 1491 version surfaces has been tested. Conversion efficiencies coupling papameter chosen a priori, we evaluate the cou-
have been found to be - 60% for backscattering of proton pling as the matrix element of the potential functions charac-

m. PFy beams having - 10 eV perpendicular energy from cesiated terizing the interacting metal-atom system, without making
m. tungsten ( 10) surfaces (work function - 1.5 eV)," and any assumption about its form of time dependence. This for-

- 1% for backscattering of thermal H atoms from similar malism is applied to the treatment of hydrogen reflection

O O. surfaces. " There have been many studies addressing the from W( 110) surface, with various Cs coverages, simulated
theory of charge transfer during atom-surface scatter- with different surface work functions.
ing,20 '2 with most of these works employing the Newns-

)" Anderson type Hamiltonian with a time-dependent coupling 1. FORMULATION
(1911). between the atom and the metal states. A majority of the

,. cbn theoretical treatments to date aims to understand the pro- The electron density matrix of the metal-atom system sat-
cesses of neutralization and positive ion formation in the isfies the Liouville equation
scattering of electron positive elements such as Na from a ip= Hp
metal surface, though it was recognized that the correspond- -7(

ing H atom-metal surface scattering problem can be treated where the total one-electron Hamiltonian is given as (atomic
imilarly. 22 24 "2 units are used throughout this paper, with h = e = m, = I)

In the present work we investigate the charge transfer and
H- formation in the scattering of a hydrogen beam from a H - + V,(x) + V.x- R(t)I + V,, (xt).
metal surface, starting from a one-electron Hamiltonian 2
with a prescribed time dependence arising from the motion (2)
of the projectile atom along a classical trajectory. The one- Here V, (z) is the potential confining the metal electrons
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inside the metal surface which can be modeled as V. (z) Similarly, Eq. (6) can be integrated to yieldp, (1) in termso i
- V, for z0>, and V. (z) -, forz <0. However, the ac- p... These are then inserted in Eq. (4) to yield the intego.

tual expression of the surface potential is not essential in the differential equation
development of our theory. It sufficies that V. approaches a ,a
constant value (set to zero) deep inside the metal, and like- sa--. (t) = ¥., () dr" V1 , (t ) ( )

wise it approaches another constant value (set to V'o ) far I

away from the metal. V (x - R(t) I is the potential or the (e, ) 1e'p I .dt "- . ,
H- ion centered at R(t) which is the position of the center of U

mass of the atom, determined by classical law of dynamics.
The coupling between the affinity level and the ionization + V 1 , ()| di' V (t')[p., (t')
level is ignored here, for they are separated by a large energy
(- 13 eV). Furthermore, the ionization level is generally
below the bottom of the conduction band, and is therefore 

( E,) ]explif'di "[e. - t(t

unlikely to be involved in the charge exchange process. (It is (8)
assumed that the ionization level is occupied throughout the It is convenient to introduce a nonlocal self-energy2,
scattering event.) Finally, V, (xt) represents the interac- through the definition
tion of the affinity level with the polarization charge on the
metal surface due to the presence of the H- ion outside the (tf';t-t')= -j/V (i)V/,(l')e I(E - r*)(u- a,)

metal. This can be simply expressed as a classical image po- '

tential (9)

. where we have approximated the time-dependent part of

4(z+b)' () e.(t) by the image potential, i.e., c. (t) = e. + V,. [z(t)],

where b is a screening length, and the minus sign accounts and have redefined the coupling matrix element as

for the fact that the net interaction is attractive (due to the V',. (t) = V, (t)exp i dr , '
Coulomb interaction of the electron on the affinity level with .iL Vm [zQ') (10)

its own image). Fourier transform of Eq. (9) according to t-I'- w yields
Considered alone, the semi-infinite metal subsystem and , , I

the H - ion subsystem each presents a well defined, solvable (,t ';w ) = i V ... () (I)

eigenvalue problem. Thus, for the semi-infinite metal, we w - e, + C, + i0+
have the eigenvalue e,,, eigenfunction [k) = u . (x), of the which leads to a nonlocal broadening of the affinity level as
Hamiltonian H,. - IV' + V,, (x). Similarly, the atomic
Hamiltonian H. = IV2 + V. (x - R) has the eigenvalue , b(t,i ';o) = 17 X V,(t) M ,, (t')((w - f, + t). (12)
and eigenfunction 1a) = u. (x). Taking the matrix elements 1

of Eq. ( I) between the various states 1a) and Ik), and em- A resonant charge transfer process involves only electronic
ploying theoverlycompleteset jI),i = 1,2,...N, withi-kfor states of the same energy [e1, = t. (t)J. Thus to a first ap-
i = 1,2,...,N - I, and i-a for i = N, we have (denote proximation we may replace , by t(t) in the Fermi func-
(aipla) =p.,. etc.) tion. This results in a simpler version of Eq. (8):

. ( V p,. - Vk. p,,), (4) ±p,, (t) =2 I d A(t, ;-t'){f[(l')] -p..(')}.

.a (13)
-[E -()]p. + ,-f( . )I ] ( Equation (13) is the starting point of evaluating the occu-

and pancy of the affinity level. It is obvious that the nonlocal

a level width of the affinity level plays a central role in the
= - [- - e. (t) pk - V., (p. - f (h ) , (6) determinationofsuchanoccupation probability. Asagener-

alization of the semiclassical probability model,2' Eq. (13)
where V.. = (kIH 1a), e. (t) = (ajH 1a), and we have as- incorporates all the essential quantum mechanical features

sumed that pk =f(e, ), the equilibrium Fermi-Dirac dis- of the amplitude model" as well. In addition, the intrinsic
tribution, and have approximated (kjH 1k) by e,. To pro- nonlocality and energy dependence of the level width are
ceed, we first eliminate the density matrix elementsp,. and enbodied in this equation. It is still a difficult task to solve
p... Integrating Eq. (5) we obtain Eq. ( 13) in general. Numerical solutions can in principle be

Pk () P, 10ex I- f r e -t,(r obtained employing standard techniques. In the limit of
p.(t) ---- (to)ex -ai dT[E1. -t,(1)] weak coupling, however, the level width becomes local in

time, A (t, ';t - t ') - a (t)(t - P ), it then follows that the

- i di'Vk (1') [p.. (' - f (to),exp occupation probability satisfies a simple "rate" equation of
the form

d
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Maof whose solution is reac~ily obtained through a straightforward pansion coefficient in Eq. (20) is absorbed into the normali.

evo.. integration as zation constant. For the atomic wave function we employ"'

p(1) = p. (to)eXP - 2 dr A(r) 2a l + 4 0)8 1 a (- e-P) , (21)

with a = 0.2355 a.u.,6 = 0.7858 a.u. This state has the

+ 2 dt' A(')fIE.(t')] proper affinity level position at c. = - 0.5 a2 = -0.75 eV,
4.] measured from the vacuum level. With these wave functions

x exp[ 2 dt" A ") (15) we can now calculate the coupling matrix element, which is
fthen put in Eq. (12) to evaluate the level broadening. In the

Similar expressions have been derived by a number of au- evaluation of Eq. (12) we change the sum over k to integra-

thors with various approaches.2'7 The first term on the tions according to

right-hand side of Eq. (15) describes the decay of the affinity A
(a) level of an H- ion already present at to, while the second f d d2k dEp(E,) (22)

term accounts for the formation of an H - ion along the tra- wherep(E,) is the 2D surface density ofstates. This makes

rgy a jectory.

it remains to specify the coupling matrix element V., (1) it possible for the present formalism to include features asso-

in order to calculate the occupancy of the affinity level. Such ciated with surface electronic structures. However, in the

a matrix element is usually given a pressumed form '"K - '2 following we shall employ the free-electron density of states

(9) '. (t) = kV exp ( - yt), where y is a parameter character- for a constant step potential

rt Of izing the decay of the coupling strength away from the metal I -

I)] surface. We shall, however, evaluate the coupling matrix ele- p(cEk) = - 4I__ _ , (23)

ment following Easa and Modinos.'2 These authors have in sshown that the coupling matrix element can be converted to in order to simplify the ensuing computations.
asuroace ntegralhat th coupl mat eemetae sure to The above formulation is applied to treat the problem of

110) a surface integral at z = 0 (taken to be the metal surface) as charge exchange and H- formation in the scattering of low

sV . 2 xu. Ix - RM) u*(x) and intermediate energy hydrogen from a W( 10) surface,
2 d I zZ with various coverages of Cs, simulated by a variable work

1. RM (16. function 0. The calculation, either using the simplified for-
- u[(x)-u, [x - )](16) mula [Eq. (15) ], or starting from the integro-differential

d acequation [Eq. (14) ], is straightforward, except at low inci-

For a metal surface of perfect two-dimensional (2D) crys- dent energies. If the incident energy is the order of a few eV
talline structure, the periodicity of the wave function uk (x) orlwitscmpabeihtebndgeegyfteH-

:1)in the xy plane at z = 0 makes it possible to expand it in the or lower, it is comparable with the binding energy of the H -

12-inensplanat zD 0rmeiposstibe vtor x spa e ion with the surface. In this case, the constant velocity ap-

two-dimensional (2D) reciprocal lattice vector J space: proximation (z = vi, v is the velocity of the projectile atom)
p )  ua, (z)e" + (17) is no longer valid,""' and the atomic velocity must be deter-

(x) = u, mined from considerations of energy conservation. The po-

where 2D vectors (in the xy plane) are designated with an tential energy of the H- ion, which is equal to the energy of

overhead bar. The atomic wave function can also be Fourier the electron on the affinity level t(z), plus the kinetic ener-

analyzed gy of the moving ion, must be conserved, leading to a z de-
pendent atomic velocity v (z). Such a variable velocity effect

&u(x) = ' u.(k,z)e '1 '. (18) is most important for incident energies close to the difference

Xu- between the work function 4 and the affinity level e. (z), i.e.,

wal Substituting Eqs. (17) and (18) into Eq. (16), weobtain the 0 - E. (z). In particular, for incident energy smaller than

die coupling matrix element this value, the kinetic energy of the ion falls to zero at z, in
which case the ion will be trapped to the surface. In the zero

13) V,() [ + ,z - Z(t) z) surface temperature limit the affinity level crosses the Fermi

irs 2 level at a point z,. For z < z, the affinity level is in resonance

--ic m (z)u. Ik + a Ga - Z(t) (19) with filled metal states, enabling electron transfer from these
ar 8Zo states to the affinity level to occur. Once the ion moves out-

1w~e side of z,(z>z,), the reverse process takes place, i.e., the

be M. CALCULATIONS AND DISCUSSIONS electron on the affinity level can tunnel back to the metal.

o In our calculations we shall use for the metal states the Those ions that survive this process at a large distance from

inplane-wave expansion the surface contribute to the H- yield. There is a critical

the incident energy, corresponding to 4' - e. (z,), which is the

Ik) = A 1/2 3 Ac1 e' 1  -e', for z > 0, (20) minimum potential energy at the crossing point z,. Below
this energy, no ion can escape the binding of the surface. Of

where A is a normalization ar,-a, Aal is an expansion coeffi- course, at finite surface temperature this cutoff will be
14) cient, and k, = 12( V - ) + (k + U)21 / . To simplify smeared out to encompass a finite width -kv T about the

calculation we shall keep the G = 0 terms only, and the ex- Fermi level. Smearing also occurs as a result of the finite
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lelvel width at z. 2 O-2
-" In our calculation we take the Fermi energy to be 8 eV.

The constant potential barrier of the metal surface V. is giv- I15-2

en as the sum of the Fermi energy and the work function.

Two specific cases are considered here: A bare W(I 10) sur-

face with work function # = 5.25 eV, and a W(I 10) surface Z

covered with halfofa monolayer of Cs, with a work function ,,

of 1.45 cV. In addition to the Fermi energy and the work s &-3/

function, the screening length that enters the surface image ,

potential is another important quantity which directly in- - -

fluences the calculated H- yield. For a free-electron like 0.1 1.0 10.0 10o.0

metal surface this can be taken as the Thomas-Fermi screen- E (eV)

ing length. However, for a metal surface with adsorbate cov-

erage such a simple theory of screening does not seem to be FIG. 2. H - yield asa function or incident energy on a bare tungsten surface

valid. In our numerical calculation we employ the value Solid line: variable velocity; Dotted line: constant velocity.

b = 0.81 a.u. for the bare tungsten surface,"and b = 3.2 a.u.

for the cesium covered tungsten surface. 2' function 1.45 eV) are depicted in Fig. 3. Again, the differuce
Numerical results obtained with Eq. (15) are presented in of employing the constant velocity approximation from that

the figures. We first examine the distance dependence of the of a variable velocity calculation is most significant for ener.

level width of the affinity level. Such dependence for the two gies below about 0.7 eV: the former leads to a yield of

surface work functions is shown in Fig. I. The typical expo- -4u%, while the latter gives zero. The maximum (about

nential dependence of the level width on the distance from 60%) yield obtains for both curves at a few eV, in agreement

the surface is obvious, except at very small distances. In the with both earlier predictions2" and experiments."" Finally,

latter case there is some uncertainty in the actual form of the we exhibit the effect of the target temperature on the H-

interaction potential between the affinity level and the metal yield in Fig. 4, where the yield as a function of incident ener.

surface. An image description at such close distances can no g fodiffreloner e tustd.A mch trogerineratio (cemial gy f..- in surface temperatures are plotted.
longer be trusted. A much stronger interaction (chemical To summarize, we have developed a theory of charge

reaction) is to be expected between the atom and the surface. transfer in the reflection of hydrogen atoms from a metal

We have not attempted to incorporate this region into our surface based on an analysis of the time deveiopment of the

consideration. Instead, we shall assume that the turning electron density matrix. Our numerical examples using a

point (zo) is outside this region (taken to be z, = 2 a.u.), and simple version of the theory showed good agreement with

that the occupation probability takes its equilibrium value at other theories and existing experimental data. We have not

zo. In Fig. 2 we plot the H - yield as a function of the incident attempted to incorporate fully all the features of the theory

energy for a surface work function of 5.25 eV. For compai- in our sample calculation, such as the surface electronic

son we also show here the result of employing the constant structure, realistic metal band structures, as well as the non.

velocity approximation. As expected, the difference arises local interaction of the atom with the metal surface. We be-

mainly for energy below - 4 eV, where our theory predicts a lieve that in order to achieve a quantitative understanding of

vanishing yield, while the constant velocity approximation the charge transfer process such complications are unavoid.

leads to a finite yield. The calculated maximum yield of able. That is to say the integro-differential equation (Eq. 13)

about 1% is in agreement with previous predictions. 4 Re- must be solved without the various approximations made in

suits for the tungsten surface covered with cesium (work this note. Finally, it should be pointed out that the screening
length in the image potential is still a free parameter at the

present level of theoretical understanding, especially for ad-

I-1.0
ic-1

0.S

IE0-2

1E-4 0.4 -

I1-41
0.2

Ic-5
0 5 10 15 0.0

0.1 1.0 10.0 100.0[o,,]E (eV)

Fm. I. Affinity leve width of H - a fuction of the distance frown the
metal surface. Solid Im bare tuiungst urface Dotted libe: cesium ovde FiG. 3. H - yield as a funclion ofincident energy on a cesium covered tung.

U N face. sten surface. Solid line: variable velocity; Dotted line: constant velocity.
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FACE P DUCTi [F H-- IONS

BY HY P ERTH EIAMt L. HY DROGEN AkOMS4

Brian S. Lee and M. Seidl, Department of Physics and

Engineering Physics, Stevens Institute of Technology,

Hoboken, NJ 07030

ABSTRACT

Hyperthermal atomic hydrogen of energy in the range of

1-10 eV has been produced by electron impact dissociation in

a CW 2.45 GHz microwave ECR discharge using a Lisitano-Coil.

The flux and the energy of the hydrogen atoms have been

measured by negative surface ionization of the atoms

backscattered from pure and cesiated metal surfaces. The

temperature of the H- ions has been estimated by measuring

the parallel energy spread of the H- ions leaving the

surface in a uniform magnetic field. A temperature of 4-5 eV

has been obtained. A hyperthermal atomic hydrogen flux

density equivalent to more than 0.5 A/cm2 has been produced

for 420 watts discharge power under CW condition. The

hyperthermal hydrogen atoms constitute a major source of

primary particles for surface production of H- ions. These

hydrogen atoms can be directed onto an external converter

located outside the discharge. This opens up new

possibilities for H- ion source design.
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Hydrogen and deuterium negative ion sources have

received much attention during the past few decades. Such

sources may be used for the production of intense neutral

beams for plasma heating, current drive and diagnostic

purposes in Tokamaks. Negative ion beams may also be used in

tandem and cyclotron accelerators and synchrotrons.
1 ,2

It is well known that H- ions can be produced by

backscattering protons or neutral atoms from low work

function surfaces. 3 ,4 Previous experiments had been done

with protons5 ,6 or thermal hydrogen atoms. 7' 8 In this work,

we have investigated the surface production of H- ions by

backscattering hyperthermal hydrogen atoms produced in a

discharge by electron impact dissociation. The following two

reactions are the major source of hyperthermal hydrogen

atoms in a plasma;
9

H 2 + e- -> H 2 * (b
3Eu+,C 31u, a3 Zg + ) + e- -> 2H + e- (1)

H2 + + e- -> H 2
+ k (2 Pau) + e- -> H+ + H + e-. (2)

Electron impact excitation of the ground state molecule

(X1 Eg + ) to the lowest triplet state (b3Zu+ ) has been known

to lead to the production of a pair of ground state atomic

hydrogens with minimum translational energy of 2.2 eV. The

electronic excitation of the ground state H2 + ion results

in dissociation to a proton and a hydrogen atom with even

higher energy ( >5 eV) under similar conditions. The

reaction rates(<aivi>) for the above processes were

2



calculated for electrons with a Maxwellian energy

distribution.
1 0 ,1 1

We have built a source of hyperthermal hydrogen atoms

using a CW 2.45 GHz Lisitano-Coil 1 2 Microwave Electron

Cyclotron Resonance hydrogen discharge. The structure

consists of an interdigital transmission line slotted on a

3.5 cm diameter copper tube which is surrounded by an outer

coaxial cylinder. Microwave power is fed by a vacuum sealed

coaxial transmission line. The slotted-line structure is a

broad band cavity supporting slow-waves which interact

strongly with plasma electrons.
1 3

The experiment consists of a vacuum chamber pumped with

a 1100 1/s turbo-pump (base pressure l.5x10- 8 Torr), 8

modules of water-cooled electromagnets (10" ID, 24" OD), a

CW 500 watt variable power microwave source, and a gas flow

meter along with a baratron. A detailed description of the

experiment will be given elsewhere.

The chamber is divided into two regions, the plasma

region and the analysis region which includes the converter

(Fig.1). The plasma is contained in a fused quartz tube. The

hyperthermal hydrogen atoms produced in the discharge region

effuse through an aperture (0.4 cm I.D. by 1.4 cm long) in

the fused quartz plasma chamber , and are scattered from a

converter surface consisting of a clean or cesiated
3



molybdenum. The work function of the cesiated Mo surface was

independently obtained from photoelectric threshold

measurement with a tunable light source. Work functions as

low as 1.55 eV were obtained using a Cs dispenser. Although

the work function was not measured during the experiment,

the converter coverage was optimized for maximum H- ion

signal. The Mo converter was chemically cleaned and then

thermally heated in vacuum to 1000 °C for 20 minutes prior

to the experiment. Two sets of electrostatic deflector

plates are installed immediately after the exit aperture to

remove the charged particles (e-,H+,H2+,H3+) which may

diffuse across the magnetic field. The H- ions produced on

the converter surface are accelerated in a planar diode with

a imm gap. The anode is a fine mesh and the cathode is the

converter made of a spring loaded Mo ribbon, 1 cm wide and

10 cm long. The fully accelerated H- ions gyrate across the

homogeneous magnetic field (-875 Gauss) with Larmor radius

and pass through a narrow slit aperture (0.05 cm wide and 1

cm long) mounted directly onto the Faraday Cup (Fig.1).

As shown in Fig.2, H- ions with the same parallel

energy (parallel to the converter surface) are geometrically

focussed, and ions with different parallel energy are

defocussed in the aperture plane. The slit width gives an

energy resolution of AE < 0.4 eV. The beam spread width in

the slit, W, was calculated based on the orbital equation of

4



charged particles in a homogeneous magnetic field including

ExB drift in the acceleration region, which is given by

W z 2rLsin(e), (3)

where rL=144AU-/B, ezarctan/(Ep(eV)/U(eV)). Ep is the

parallel energy of the H- ions (parallel to the converter

surface) ,and U is the extraction energy of H- ions. For

small e, W z 2x144!(Ep(eV))/B independent of extraction

energy. Since the beam spread is nearly independent of the

extraction energy, one can obtain a distribution in parallel

energy by scanning the extraction energy and holding the

Faraday Cup with the slit in a fixed position. Fig.3 shows

the definition of the angles and relationship of H- ion exit

angle to parallel energy.

The H- ion current measured directly from the converter

has been compared with the Faraday cup current integrated

over the distribution. Here, the secondary and exo-electrons

have been suppressed by the strong magnetic field (- 875

Gauss). This was confirmed by photo-electric current and

thermionic emission current measurements. The measured total

H- ion current leaving the cesiated surface, It(H-), for 420

watts microwave power and 9 sccm hydrogen gas flow rate

(3xl0 -4 Torr chamber pressure) is 0.125 mA. If the converter

was located on the wall of the quartz tube, the

corresponding H- ion current density would be J(H-) = 127

mA/cm2 . This calculation is based on the following

relationship:
5



J(H-) = It(H-)x(w/fn)/A, (4)

where n is the solid angle subtended by the converter at the

exit aperture (0.025 steradian), and A is the area of the

exit aperture (0.125 cm2 ). In this calculation, we have

ignored the contribution of the tube wall, since the solid

angle subtended by the converter,n, is smaller than the

geometric solid angle of the tube. 1 4 The hyperthermal atomic

hydrogen flux density can be estimated by knowing the value

of the H- ion yield. The total H- ion yield can be expressed

by

<Y(kT)> = jF(E)Yi(E)dE. (5)

For a Maxwellian distribution,

<Y(kT)> = (2/w)(i/kT)3/ 2 5oEl/2Yi(E)e-E/kTdE, (6)

where F(E) is the energy distribution of the incident atomic

hydrogen beam with temperature T, and Yi(E) is the H- ion

yield as a function of the perpendicular energy of the

backscattered atom. Therefore, the total H- ion yield is the

convolution of the energy distribution and the H- ion yield.

Fig.4 shows the calculated total H- ion yield for the

temperature range of 0.1 eV - 10 eV, using the theoretical

yield Yi(E) calculated by Cui15 for a work function of 1.45

eV. This yield curve is in excellent agreement with the

experimental results for backscattering thermal hydrogen

atoms.8 From this curve we can estimate that the total H-

ion yield is about 25 % for a temperature of 5 eV. This

gives a flux density of 0.5 A/cm 2 equivalent corresponding

6



to hyperthermal hydrogen atoms impinging onto the quartz

tube wall with energy exceeding Emin (~i eV).

The estimated temperature of 5 eV follows from

measurements of parallel energy distribution. .ig.5 shows

typical data for the H- ion signal passing through the slit

as a function of the parallel energy, Ep in eV, for the

clean polycrystalline Mo and for the cesiated Mo converter.

Here, only the data for low power case is shown due to the

space charge spread. For high microwave power and cesiated

converter surface, the H- ion current density is high enough

to cause space charge spread of the beam which redistributes

the momentum components of the H- ions along their

trajectories. As the surface gets cesiated (work function

gets lower), the H- ion current increases by 2-3 orders of

magnitude. The scattering angle can be directly converted to

the parallel energy using the relationship,

Ep(eV)=E tan28, (6)

where E(eV) is the total energy of the H- ion. The tails of

the H- ion parallel energy distribution carry the

information of maximum atom energy (-10 eV) since an

individual atom may experience 'local specular reflection'

with small energy loss. The shape of the parallel energy

distribution of the H- ions closely follows a Maxwellian

distribution with an average temperature of 4-5 eV.

7



It was shown previously that atomic hydrogen becomes

the dominant neutral component as the input power to the

discharge becomes larger. I0 ,16 Spectroscopic measurement of

temperature and density in the Los Alamos Penning surface-

plasma source 17 shows that a large fraction of the hydrogen

is atomic hydrogen (nHo~5xl0A14 cm- 3 , -30% dissociation

rate) with a temperature exceeding 1 eV. This corresponds to

very large atomic hydrogen flux density of the order of 100

Amps/cm 2 . Historically atomic hydrogen has been treated as a

detrimental particle in H- ion sources due to its large

stripping cross-section. However, in surface conversion

sources, a significant fraction of H- ions can be produced

by backscattered hyperthermal hydrogen atoms.

We have produced hyperthermal atomic hydrogen in a

discharge. The flux and the energy of the hydrogen atoms was

measured by negative surface ionization of the backscattered

atoms. A large hyperthermal atomic hydrogen flux density

equivalent to more than 0.5 A/cm 2 has been generated. The

hyperthermal hydrogen atoms car be directed onto an external

converter located outside the discharge in which the

converter can be independently controlled to optimize the

operating conditions without being effected by the plasma.

This opens up new possibilities for H- ion source design.
18

Further study is required towards a better understanding of

the production and loss mechanism of hyperthermal hydrogen

atoms in a discharge. Specifically, more data are needed on
8



reactive collision processes, and on particle/energy

reflection from various surfaces.

This work has been partially supported by the Air Force

Office of Scientific Research. We thank George Wohlrab for

technical assistance, and expert machining, which made this

work possible.
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Fig.l. Experimental apparatus. The system is embedded in a

uniform magnetic field B (-875 Gauss) generated by 8

modules of electromagnets (not shown).

Fig.2. H- ion trajectories. H- ions with the same

scattering angle starting from any point on the

converter surface (0.5 cm wide) are focussed in the

aperture plane. H- ions with different angle are

defocused. The beam spread width, W, for a 100

scattering angle is 0.89 cm for 875 Gauss magnetic

field..

Fig.3. Sign convention for angles (a), and relationship of

parallel energy Ep and scattering angle e (b). es is

the angle measured by magnetic spectroscopy, Od is

ExB drift angle in a planar diode with 1 mm gap.

Fig.4. Total H- ion yield, <Y(kT)>, as a function of H- ion

temperature. The values for Yi(E) have been taken

froa Cui (Ref.14). Open circles are the experimental

values from Ref.8 for Cs/Mo converter.

Fig.5. H- ion current as a function of the parallel energy

for cesiated (filled circles) and for uncesiated

clean Mo metal surface (open circles). The H- ion

10



current passing through the narrow slit (0.05 cm

wide and 1 cm long) is measured by a Faraday Cup.

The solid angle of the converter from the atom exit

aperture is 0.025 steradian.
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Source of Low Energy Hydrogen Ions for Measuring

Electron Transfer in Surface Scattering Experiments

J. D. Isenberg, H. J. Kwon, M. Seidl

Department of Physics and Engineering Physics

Stevens Institute of Technology, Hoboken, New Jersey 07030

Abstract

We present the design and performance of a beamline which is the source of 5 -

50 eV protons for surface scattering experiments. The beamline also incorporates a

collector for measuring total secondary ion and electron yields. The beam forming

optics are built around a commercially available gas discharge ion gun and produce a

mass selected, energy filtered beam. Results of computer ray tracing are included to

illustrate the operation of the beam optics. Tests have produced 50 pA proton

beams 3.5 mm wide at 5 eV with an energy spread of about 1 eV.
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1. INTRODUCTION

An ion source has been developed as part of an apparatus for measuring electron

transfer in low energy (5-50 eV) hydrogen ion scattering from low work function

surfaces at normal incidence. The current design incorporates both the primary beam

optics and the secondary ion collector.

Previous electron transfer experiments have used either thermal energy atomic

beam sources or high energy ion beams striking the target at grazing angles of

incidence3 . Ions striking the target undergo Auger neutralization and scattering. A

fraction of the back scattered neutral atoms are negatively ionized through resonant

charge exchange."

In the atomic beam type of experiment, the incident particles are neutral hydrogen

atoms produced by thermal dissociation in an oven type source and have a Maxwellian

energy distribution with a temperature of about 0.2 eV. Since the primary particles

are neutral the secondaries can be extracted by applying an electric field. The incident

flux cannot be measured directly but must be deduced from gas flow or thermal flux

measurements.

In the grazing incidence type experiment, a known flux of protons 4D(H+) with

kinetic energy of order 1 keV strike the target at an oblique angle such that the

normal component of the kinetic energy is small. Theory indicates that only the

normal component of the incident proton energy is important for electron transfer'

The H- flux ((H-) and the atomic flux ((-I°) scattered at a given angle are measured

independently to determine the charged fraction in the scattered beam. The total yield

(D(H-)/D(H+) has been measured for cesiated tungsten (110) by van Wunnik et al, but
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for 100 - 2000 proton energies and incident angles greater than 700 with respect to the

target normal."

To date no experiment has directly measured the total yield, D(H-)/(H+), for

protons which strike the converter surface at normal incidence and low energy. In

such an experiment all backscattered secondary ions must be collected. The ideal

proton bean for this experiment would have an energy less than 50 eV and a spread in

energy of I eV or less.

2. DESCRIPTION OF THE EXPERIMENT

The experiment is installed in a spherical UHV chamber pumped by turbo-

molecular and ion pumps. The base pressure is 10.10 torr. In the low energy ion

source (figure 1) the ion beam produced by an ion gun is mass separated by a Wien

filter. The mass selected beam is collimated by an einzel lens (electrodes 1,2,3 in

figure 1),decelerated and focused by a four cylinder lens (electrodes 3,4,5,6) into a

Bessel box energy filter (electrodes 6,7,8). The energy selected beam is focused onto

the target by an einzel lens (electrodes 8,9,10) through an aperture in the collector

(electrode 11) and strike the target near normal incidence.

Secondary ions and electrons are backscattered into the collector. A variable

magnetic field in the region of the target perpendicular to the beam axis deflects the

electrons back to the target. The current measured at the target (I.) is equal to the

sum of the currents due to protons striking it and negative ions and electrons leaving

it. Since the collector current (lcol) is the total secondary current, the proton current

is just (I.a - Icoil) and the H- and electron yields can be determined directly from I.

and I.0 measurements taken with the magnetic field on and off.

I i I •it e iI i IIH i H ll I •H-3-n



Two ion ray tracing programs, SIMION7 and ECUN', were used to evaluate the

design of the ion optics. Both calculate the electric field for a given array of

electrodes by iteratively solving the Laplace equation with the electrode potentials as

boundary conditions. The ion trajectories are then calculated from the fields and

initial conditions. EGUN simulates space charge forces by solving Poisson's equation

for the charge in the beam. This solution is added to the solution due to the electrodes

and the trajectories recalculated. Both programs were used to model the Beamline

from the middle of the field free region following the Wien filter. For initial

conditions it was assumed that the beam from the Wien filter is monoenergetic,

collimated, and has a diameter of 3mm defined by the exit aperture of the Wien filter.

Ion trajectories were first plotted with SIMION (figure 2). The electrode voltages

were adjusted to optimize the beam to the target. The optimized voltages were then

used in EGUN to compare the results and check the effects of space charge. For the

typical beam currents used (<1OnA) space charge effects were negligible. The ray

tracing results are used as a guide to setting the electrode voltages when the beamline

is in operation.

3. SOURCE AND SYSTEM OPTICS DESIGN

Ion Gun

Hydrogen gas is ionized by a hot cathode electron bombardment source in a

commercially available ion gun9. The source is differentially pumped by a turbo

molecular pump to reduce the gas load to the chamber. The source pressure is

roughly 100 times greater than the chamber pressure. The cathode is a circular

tungsten filament which is ohmically heated. The filament surrounds a cylindrical
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grid anode. The grid is mounted to a disk with small aperture ii. it. Ions are

extracted through the aperture by the voltage between it and the extractor. Two einzel

lenses collimate the ions into the entrance aperture to the mass filter. For low energy

operation, negative bias voltage Vtn is applied to the gun power supply such that

anode potential E. is a few volts positive with respect to ground and the gun optics

about 500 volts negative. The final beam energy is determined by the potential

difference between the plasma potential in the ionization region within the grid and

the grounded -irget. The energy of ions at the entrance to the beamline optics is

determined by Eo - V cm-

The production of H+ ions by electron bombardment is a complicated process

involving many different types of reactions. Reaction cross section data reveal that

the production rate is dominated by a two stage process involving the reactions:

II2 + e- --> H2+ + 2e- (molecular ionization) (1)

H2++ e- -- H + H + 2e- (dissociative ionization) (2)

The cross section for the first reaction peaks between 50 and 60 eV'0 and the

second at about 3 eV." To enhance the production of H ions a cusped magnetic field

was produced in the vicinity of the extraction aperture on the ion gun by the opposed

fields of two coils. The axial component of the field is approximately 50 gauss near

the cemer of either coil and zero between them. The cusped magnetic field confines

the slow electrons to the region of the extraction cathode. Below 10-6 torr of

chamber pressure the effect is dramatic, almost an order of magnitude increase in H

current with the confinement coils on. For chamber pressures above 2 x 10-6 torr the

confinement field has little effect.
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Mass Filter

The theory of the Wien filter is well known and has been described in detail

elsewhere. 2 Our Wien filter consists of two parallel, isolated, rectangular electric

field plates made of stainless steel mounted perpendicular to two magnetic pole pieces

made of soft iron machined to fit inside a 3.8 cm diameter tube. The magnetic flux

is confined by a soft iron yoke with pole pieces machined to fit the outside of the tube.

The magnetic field is provided by two coils of about 800 turns each. The field plates

are surrounded by a shield held at V .r* Voltages are applied between the field plates

such that the potential halfway between them is Vbm.

Deceleration

Ions which transit the Wien filter are collimated by a three tube einzel lens

(electrodes 1,2,3) which corrects the weak focusing effect of the Wien filter. The

collimated beam is then decelerated by an asymmetric 4 cylinder lens. Charge

density method calculations of the potential distribution, focal properties, and

aberration coefficients of both types of lens have been done in the past. 13, 14

The 4 electrode decelerating lens consists of a drift tube (electrode 3) held at the

ion beam potential, two short focus tubes (electrodes 4 and 5) at adjustable potentials

and a grounded cup with a small aperture (electrode 6). The aperture in this element

serves as the entrance aperture for the Bessel Box. Two adjustable potentials are

required so that both the image position and the angular magnification can be kept

constant as the ratio of final to initial ion energy is varied.' This is necessary

because the Bessel Box requires a fixed object distance and angular divergence at all
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ion energies for optimum transmission. Calculations done for the four element lens,

operating in the retarding mode, have shown that the spherical aberration coefficient

increases as the ratio between the initial and final energies increases.

Energy Filter

The Bessel box type energy filter has a large angle of acceptance and high

resolution." The one used in our beamline consisted of a tube shaped electrode with

a central stop (electrode 7) and two disk shaped endplates with apertures (electrodes 6

and 8). Both endplates are held at the same fixed potential and a retarding potential

Vbb is applied to the tube and stop. The equipotentials for this electrode geometry are

Bessel functions, hence the name. The central stop blocks energetic ions traveling

along the axis and fast neutral particles created in the discharge.

Ions entering the Bessel box through the aperture in the first endplate are slowed

down by axial component of the retarding field and deflected away from the axis by

the radial component. Ions with kinetic energy less than the voltage between the

endplates and tube are reflected by the retarding field. Ions with sufficient kinetic

energy to overcome the retarding potential are accelerated towards the second

endplate. If the kinetic energy of these ions is too great, the radial fields are not

sufficient to focus them towards the aperture.

Only ions in a narrow range of energies will be transmitted through the second

aperture. The energy range, or bandwidth, of the Bessel Box depends on the ratio of

tube length to tube diameter'7 and the diameter of the stop and apertures. Naturally,

the smaller the energy bandwidth, the lower the transmission.

SIMION ray tracing plots showed that the focusing properties of the Bessel box are
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quite strong. Typically, the Bessel box focuses the ions a few millimeters from the

exit aperture. To image the beam onto the target a few centimeters away, the ions

selected by the Bessel box have to be focused by an einzel lens of relatively short focal

length and low chromatic and spherical aberration coefficients. The final lens

(electrodes 6, 7, and 8) is a modification of one designed by Orloff and Swanson" .

Collector

The collector is surrounded by a grounded shield fixed to the exit aperture mount.

The collector extends to within 2 mm of the target to insure the maximum collecting

angle with the target plane set normal to the beam axis. The incident protons pass

through an aperture in the bottom of the cup. This aperture is smaller than the exit

aperture in electrode 10 so that no protons strike the collector. A shielded coaxial

cable carries the secondary signal from the collector to a Keithly 614 electrometer.

Secondary electrons, produced by Auger neutralization of the protons, also strike

the collector. A magnetic field of about 25 gauss, produced by a pair of Helmholtz

coils, is sufficient to deflect these electrons without affecting the H- ions. The

diameter of the collector (1.9cm) was chosen to be larger than the Larmor radius for

10 eV electrons in a 25 gauss field (about 0.7 cm). The beamline itself is magnetically

shielded by a shroud of gI-metal to prevent the field from perturbing the incident

beam in regions of the beamline where the ion velocity is low.

A molybdenum plate with a large circular aperture was mounted 1.3 mm in front

of the target. This plate was used to align the beam on the center of the target. In

addition, biasing the plate positive or the target negative produced an electric field

between the target and the plate which extracted negative ions and electrons through
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the hole in the plate. By biasing the target and plate to a sufficiently large positive

voltage the incident protons could be reflected back into the collector to verify the

incident current.

4. BEAMLINE PERFORMANCE

Initial measurements of the ion current from the ion gun were done by applying a

300 gauss magnetic field to the Wien filter and no voltage on the the field plates. Ions

from the gun were deflected by the magnetic field onto one of the field plates.

Measurements done at Eo=550V with Vteam= 0 and chamber pressure of 5x10-6 torr

obtained total ion currents of 61gA.

The mass composition of the beam was analyzed with the Wien filter for several

chamber pressures (see figure 3). The magnetic field was 300 gauss and the electric

field varied from 0 to 150 volts/cm. The beam current was measured at electrode 7.

As the chamber pressure was raised the H+ current increased while the H2+ current

decreased. No attempt was made to optimize the H+ production by changing the

electron temperature close to the extraction aperture.

The beam was analyzed with a special Faraday cup equipped with a retarding grid

energy analyzer. Beam profiles (figure 4) were taken in the Y and Z planes

perpendicular to the beam with the exit aperture of the front lens 9.7 cm from the

entrance to the Faraday cup. For these measurements the chamber pressure was 2.0 x

10-6 torr and Eo ranged from 9.5 eV to 35.7 eV. The focus was optimized for each

different setting of Eo by adjusting the Vbb to maximize the current and final focus

voltage to minimize the beam width. At the optimum setting, Vbb was always about 5
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volts lower than E0. This was attributed to the plasma potential in the ionization

region of the source being slightly negative with respect to the grid (anode) due to

high secondary electron emission at the grid'9.

At Eo=35.7 eV a 140 pA beam diameter at the target was about 3.0 mm in in the Y

and Z directions. This implies a circular beam cross section and a current density of

about 2 nA/cm 2 . Using the exit aperture diameter of 2.3 mm and the exit aperture -

target distance of 3.8 cm we calculate a beam divergence half angle of about 0.50.

The current of the focused beam decreased to 50 pA as the Eo was reduced to 9.5 eV.

Energy distributions (figure 5) were obtained by differentiating plots of cup

current versus retarding grid voltage. For all distributions, the voltage at which the

peak in the distribution occurred corresponded closely to Vbb. All the distributions

showed art energy spread of about 1.0 volt, independent of the final ion energy.

5. H- REFLECTION

Colle, tor and target currents were measured as functions of the magnetic field for

cesiated ind uncesiated silicon (100) targets. The behavior of the target current was

very depcndent on focusing. When the beam was properly focused and Vbb was

slightly higher than Eo , the target current was essentially independent of magnetic

field.

At zero magnetic field and -2 volts target bias, the collector current was mostly

due to secondary electrons. These were suppressed as the magnetic field was
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increased (see Figure 6). As the magnetic field was raised above 25 gauss, the

collector current leveled off.

As a test of the experimental apparatus, H- yield data were taken for a silicon (100)

target without sputter cleaning or heating to remove the oxide coating the surface. The

incident proton energies Ep were 50, 20 and 15 eV. The H- yield was just {IcI/(Itar-

Icoil)), for B=30 gauss. Figure 7 shows a plot of H- yield as a function of collector

bias for Ep=50 eV. A positive collector balances the effect of the contact potential

between the target and collector. The yield increased as the collector bias was made

more positive until about 1 volt where it leveled off at about 1%. The target was

grounded and collector biased +2 V for these yield measurements. The yield

decreased to 0.27% for EP =20 eV and was too small to be distinguished from the

noise level at Ep =15 eV. The results are of the same order as yield calculations for

hydrogen atoms on tungsten. 0 Van Toledo's measurements of H- yields for protons

scattered from a clean tungsten (110) surface of gave 0.3% at 25 eV and 1% at 50

eV.21

As expected, H- yields were higher for the cesiated silicon target. For these

measurements the collector was grounded and the target biased -2 volts. The silicon

target was bombarded with 500 eV cesium ions at a flux of about 5 gA/cm 2 to sputter

clean it and lower the work function (D before each series of yield measurements. The

dose of cesium ions to the target was approximately 1016 /cm 2 for each set of

measurements. Again, the target was not annealed after each set of measurements so

the condition of the surface is not well defined. H- yields were measured for

different values of the work function (D with Ep fixed. Work function values were
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obtained by measurement of photo emission onset. The results, plotted in figure 8,

were obtained for D = 1.50 eV with EP ranging from 4 to to 25 eV. The yield curve

peaks at about 10 eV and tails off as the incident energy is increased. These results

are not definitive and should be viewed only as test of the performance of the

apparatus.

6. SUMMARY

We have produced an experimental probe for measuring the total H- yield

produced by surface ionization of 5-50 eV protons. The proton beam is normally

incident, collimated, and nearly monoenerg,-tic. Measurements of the H- and

secondary electron yields have been performed for bare and cesiated Si(100). Future

experiments will be done on clean, well defined surfaces. In addition the energy

distribution of the H- ions will be measured.
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FIGURE LIST

1. Beamline scale drawing

2. SIMION trajectory plot through beamline. Initial energy is 505 eV.

3. Current vs. Electric field in Wien filter for chamber pressure of 1.0 x 10-5

torr (B=300 gauss)

4. Beam profiles for different beam energies:

open squares: Eo=35.7 V, Vbb=30.6 V; filled diamonds: Eo=25.1 V,

Vbb= 2 0.1 V; open circles : Eo=18.7 VVbb= 13.3 V; open diamonds: Eo=

13.8 V, Vbb= 8 .5 V; filled squares: Eo = 9.5 V, Vo= 4.8 V

5. Beam energy distributions for different beam energies:

open squares: Eo=35.7 V, Vbb= 3 0.6 V; filled diamonds: Eo=25.1 V,

Vbb= 2 0.1 V; open circles : Eo=18.7 VVbb= 13.3 V; open diamonds: Eo=
13.8 V, Vbb= 8.5 V; filled squares: Eo = 9.5 V, Vo= 4.8V

6. Collector current vs. Coil current for 50 eV protons in bare Silicon

(100) at different values of plate bias.

7. Yield vs. Collector bias for 50 eV protons on Silicon (100)

8. Yield vs. Incident energy for protons on Cesiated Silicon (100) for 1.5 eV

work function.
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Solid State Cesiuir Ion Gun For Ion Beam Sputter "enosition,

S.I. Kim, Y.O. Ahn, and M. Seidl,

Dept. of Physics & Eng. Physics,

Stevens Institute of Technology, Hoboken, NJ 07030

A compact cesium ion gun, suitable for ion beam sputter

deposition in high vacuum environment, has been developed. The

gun uses a solid state cesium ion source described previously.

This gun is compact, stable, and easy to use. It requires none

of the differential pumping or associated hardware necessary in

designs using cesium vapor and porous tungsten ionizers. The gun

produces a cesium ion beam of 0.2 mA at 5 keV. A beam diameter

of 0.2 cm is measured at a target which is 3 cm apart from the

exit aperture of the accelerator electrode. The sputter

deposition rate is of the order of 100 A/min, for several metal

targets such as Au, Cu, Mo, W, and Ta, measured at 4 keV primary

Cs+ ion beam energy and in a distance of 1.5 cm from the target.

The life time of this gun is more than 20 coulombs of cesium

which corresponds to 60 hours of operation with an extraction

current of 0.1 mA.
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INTRODUCTION

We have developed a cesium ion gun suitable for ion beam

deposition in high vacuum environment. The gun uses a solid

state cesium ion source described previously [1]. Cesium ions

are chemically stored in a cylindrical pellet made of cesium-

mordenite solid electrolyte. The emitting circular surface of

the pellet is coated with a thin film of porous tungsten. At the

operating temperature of about 1000'C, cesium-mordenite is a good

conductor of Cs+ ions. This makes it possible to control the

cesium supply to the emitting surface by a voltage applied across

the pellet. Cesium ion emission occurs on the surface of the

porous tungsten emitter by surface ionization. This cesium ion

source has been used in three types of low-current ion guns

developed for surface studies (2]. In this paper we present the

design and performance of a high current ion gun utilizing the

solid state cesium ion source.

The ion gun, illustrated in Fig.l, consists of the

cylindrical cesium ion source heated by a tungsten filament and

of a Pierce-type electrode system. It produces a cesium ion beam

of 0.2 mA at 5 kV extraction voltage. More than 20 coulombs of

cesium ions can be extracted from the small ion source (0.6 cm in

diameter and 1 cm in length) which can be reloaded. In order to

prevent contamination of the ion emitter by sputtering atoms, the

ion beam is electrostatically deflected onto an off-axis target.
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The deposition is made on the substrate which is located -5 cm

from the target.

This sputter ion gun has several unique features setting it

apart from the more common gas source ion guns. Since it

requires no gas supply, it can operate in high vacuum using a

moderate speed pumping system without differential pumping and

associated hardware. The compact and stable design is

significant in applications with weight and size restrictions,

such as for space probes. In high vacuum operation, the

sputtered atoms are not losing their energy in gas collisions.

They arrive on the substrate with their full energy which ranges

from 10 to 100 eV [3,4]. This make it possible to deposit high

quality thin films at low substrate temperature. It is known

that the density, uniformity, and structure of the thin film

primarily depends on the energy of the incident atoms [5,6].

High-resolution SEM studies have shown that ion beam sputtering

produces films with a better fine structure than the other

techniques, such as plasma diode sputtering or evaporation [7].

The sputter gun described in this paper is particularly suitable

for deposition of very thin films on insulating specimens to be

used in scanning electron microscopy or scanning tunneling

microscopy.
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DFSTGC Ow THF ION GUN

Following the method of Pierce [8], we have designed the gun

to produce an initially convergent space-charge limited cesium

ion beam of circular cross-section with a perveance P=7xl0- 0

A/V3/2 . The basic geometry of the beam is shown in Fig.2, where

Re is the radius of the emitting electrode, and R. is the radius

of the extracting electrode. The beam emerges from the emitter

with a convergence angle e which is reduced at the extraction

electrode by lens action of the aperture. Neglecting for the

moment thermal effects, the beam reaches a minimum cross-section

in a distance X, from where on it diverges because of space-

charge effects. It has been shown [8] that X reaches the maximum

value X=1.06 Re for R/Rx=2.25. We wish to operate close to this

value since the beam has to be transported as far as possible

with minimum divergence. The actual chosen design value is

Re/Rx=2.0 which gives X/Re=0.96. The convergence angle 0 follows

from the equation

P = 14.67 x 10 -6 (m/mi)1/2 (lcosg)/(-a)
2

where P is the perveance, me/mi is the ratio of electron to

cesium ion mass, and (-a)2 is 0.75. The solution is 0=11

degrees. Finally, to obtain the scale of Fig.2, we choose the

diameter of the emitter, de=0.6 35 cm.
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The actual shape of the ierce electrodes has been

determined with the aid of the "E-GUN" ray-tracing program [9]

which includes space-charge effects. Fig. 3a shows the computed

ion trajectories which closely match the design geometry. The

computed perveance is P=5.2xlO -01 A/V3/ 2 . Fig. 3b shows how the

temperature of the emitted ions affects the trajectories, as

determined by the E-GUN program.

The deflecting plates are mounted on the extracting

electrode, as shown in Fig.l. Fig.4 shows the ion trajectories

as computed with the SIMION program [10]. From the output file

of the EGUN ray tracing code, the ray information such as energy,

angle, and current of each ray at a certain distance could be

obtained. The ray data at a distance 80 on Fig.3b is used for

the starting conditions on Fig.4.

EVALUATION OF THE GUN

The I-V characteristics of ion emission is shown in Fig.5.

The emission current follows the Child-Langmuir law, indicating

space-charge limited flow. The experimental perveance of 5.0x10-

10 A/V3/2 is closely matched with the computed value of 5.2x10 - 10

A/V 3/ 2 . The cesium ions are supplied to the porous emitting

electrode either by the thermal leakage flux or by the biasing

current which is due to a voltage applied across the pellet. The

details of the transport mechanism of cesium ions were described

elsewhere. [11] When there is no biasing across the pellet
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(dotted line with symbo). o on Fig,5), the emission is supply-

limited at a high extraction voltage. At this stage, the

emission current can be controlled by the biasing current across

the pellet. A steady ion emission current could be obtained and

controlled using a constant current supply for the various

biasing currents shown in Fig.5.

The beam size has been measured against a knife edge with a

Faraday cup. The beam profile without deflection of the beam has

not been measured since the sputtered particles from the Faraday

cup quickly deteriorate the emitter surface. The cross section

of the deflected beam has been measured by moving the Faraday cup

in the target plane. The beam width of half maximum is found to

be 0.2 cm in the parallel direction and 0.4 cm in the

perpendicular direction to the emitter plane. The distortion of

the beam is due to the deflection as shown on Fig.4.

The deposition rate has been measured by a crystal monitor

located 1.3 cm from the target. For Au target, the deposition

rate of 360 A/min has been measured at 3.5 keV and 0.16 mA of

beam current. The deposition rates for several metal targets are

shown on Fig.6. The high deposition rate is due to the small

target-substrate distance. Deposition area depends on the

distance between target and substrate. Uniformity of the film

has been measured with a profilometer. The thickness varies less

than 25% over a region about 1.5 cm in diameter. Larger area

deposition, up to 5 cm, could be done by sacrificing deposition
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rate A compact ion beam sputter deposition system is now under

development.
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FIGURE CAPTIONS

Fig.l. Schematic diagram of the solid state cesium ion gun for

sputter deposition.

Fig.2. Schematic diagram of the emitter electrode design

Fig.3. Computer calculation of ion trajectories (EGUN code)

(a) with no thermal effect,

(b) with thermal effect (Temp. of the beam = 1100°C)

Fig.4. Computer calculation of the beam deflection (SIMION code)

(for 3 keV beam energy and 1.5 kV deflection voltage)

Fig.5. Cesium ion emission current vs. extraction voltage

Fig.6. Deposition rate measured at the substrate, located 1.3 cm

from the target.
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